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Chapter 1: Introduction 
1.1. Introduction 
Interest in biorenewable fuels and chemicals has sharply risen in the last decade as 
countries and the world community confronts the looming challenges associated with 
diminishing crude oil reserves, climate change, and numerous associated effects. A fundamental 
challenge of producing biorenewable chemicals and fuels is reducing the high degree of 
functionality of the molecules which is imparted by high amounts of oxygen. Common 
functional groups include hydroxyls, aldehydes, carboxylic acids, ethers, esters, and ketones. 
High oxygen content in the feedstocks are associated with lower heating values in fuels and high 
oxygen contents are incompatible with current commodity chemicals.
1
 One method of oxygen 
removal is C-O hydrogenolysis in which a C-O bond is cleaved by the addition hydrogen to form 
water. C-O hydrogenolysis is applicable to hydroxyl groups which are one of the most abundant 
forms of oxygen in renewable feedstocks, but can also be applied to ether and esters. Several 
metals capable of catalyzing C-O hydrogenolysis include Pt, Pd, Ni, and Cu; Cu has shown a 
unique ability to perform C-O hydrogenolysis without significantly catalyzing C-C cleavage or 
hydrogenation of aromatic functionality. C-O hydrogenolysis is a class of catalytic reaction that 
is likely to play an important role in the production of fuels and chemicals from biorenewables; 
however, a limited number of fundamental studies have yet to elucidate the mechanism of 
hydrogenolysis in many reaction systems, the active species involved, and kinetic information 
relevant to processing conditions.  
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1.2. Incorporating Biorenewables into the Conventional Chemical and Fuel Industries  
The conventional production of fuels and chemicals is rooted in the petrochemical 
industry since the 1950’s.2 On a fundamental level, the petrochemical industry uses a feedstock 
with little functionality and reactivity (i.e. alkanes and cycloalkanes) and introduces functionality 
in order to perform subsequent conversions to produce useful molecules. This industry was 
developed to utilize the lightest and unused fractions of crude oil, which were byproducts of 
gasoline production from catalytic cracking and reforming processes.
2
 Unsaturated compounds 
are formed from hydrocarbons during these processes. Some of these olefins and aromatics can 
be used directly in polymerizations or are further converted into larger molecules and/or ones 
containing higher degrees of functionality. The primary platform chemicals of the petrochemical 
industry include ethylene, propylene, and benzene, with minor chemicals including butadiene, 
toluene, xylene, and methanol. These compounds are the general building blocks used to produce 
virtually all of the chemicals, plastics, and modern products of everyday life. 
The biorenewable fuel and chemical industries face a multitude of unique technical, 
economic, and logistical challenges. On a fundamental level, the biorenewables industry uses a 
highly functional feedstock derived from carbohydrates and lignin. The functionalities of these 
feedstocks will need to be selectively removed to produce the same molecules or ones that 
closely resemble those of the petrochemical industry. The challenge faced in biorenewables of 
removing functionality from a feedstock is opposite to the challenge originally faced by the 
petrochemical industry. This presents an opportunity for the catalysis community to study 
several relevant reaction classes that may not be as thoroughly considered as those of the mature 
petrochemical industry.  
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Due to the complexity and recalcitrance of biomass, researchers have taken several 
approaches in conversion processes. The following sections will briefly review biorenewable 
feedstocks, conversion approaches, and relevant chemistries to help put this research project into 
the context of the diverse field of biorenewables.  
 
1.3. Biorenewable Feedstocks 
There are three general biorenewable feedstocks: starch, oils, and lignocellulose. Starch is 
an edible polymer of D-glucose with α-1,4 linkages that are easily and cheaply hydrolyzed with a 
team of enzymes including α-amylase, α-1,4 glucosidase, and α-1,6 glucosidase.3 Starch is the 
feedstock for current corn-based ethanol which produced approximately 10.7 billion gallons of 
ethanol in 2009, roughly 5.3% of the spark-ignition fuel market in the United States.
4
 This 
method of production yields only 1.6-1.8 units of energy in ethanol (including by-products) per 
energy of unit required to produce these products.
5
  Additionally, ethical and political 
controversies surround the use of starch-based fuel production. Corn starch is not seen as a viable 
long-term solution for energy in the U.S. but as a stopgap for the development of cellulosic 
ethanol, other biofuels, and other renewable energy strategies.  
Vegetable oil is another edible feedstock that is used to produce bio-diesel. The 
triglycerides of vegetable oil undergo a base catalyzed trans-esterification with methanol to 
produce long-chain methyl esters and glycerol as a by-product. The production capacity of these 
oils, derived from soybeans in the U.S. and rapeseed in Europe, is very limited when compared 
to corn-ethanol and the overall diesel market. The glycerol by-product is one of the first 
examples of a recent biorenewable chemical, but technical challenges and economic factors have 
limited its utilization. While bio-diesel derived from soybean or rapeseed oils are not seen as a 
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long term solution; production of oils from higher yielding sources and those which do not 
compete with edible crops are being investigated.   
Lignocellulose refers to non-edible plant biomass which consists of three main 
components: cellulose, hemicellulose, and lignin. A typical herbaceous energy crop contains 
approximately 45% cellulose, 30% hemicellulose, and 15% lignin, and a typical woody energy 
crop contains approximately 50% cellulose, 23% hemicellulose, and 22% lignin on a dry weight 
basis.
1
 These values only give a rough approximate and can vary depending on growing 
conditions, species of energy crop, and part of a plant. The distribution of these components must 
be considered when choosing an approach for the conversion of biorenewables because these are 
the only forms of renewable carbon that are currently available in sufficient quantities to fulfill 
the chemical and portion of the energy needs of society.  
Cellulose is the structural component of cell walls and is the most abundant organic 
compound on Earth.
3
 Cellulose is a polymer of D-glucose with β-1,4 linkages that are not as 
easily hydrolyzed as starch. Conventional cellulose hydrolysis methods include acid hydrolysis 
and enzymatic hydrolysis. Acid hydrolysis affluent streams require neutralization that produces 
significant amounts of waste that require disposal. Additionally, the acidic media can produce 
degradation products which can complicate downstream processing. The process of enzymatic 
hydrolysis is more benign than acid hydrolysis but the cost of the enzyme mixture prohibits the 
production of cheap glucose from cellulose. The team of enzymes which hydrolyze cellulose 
consist of cellobiohydrolase I & II, endoglucanase I&II, and β-glucosidase. Each enzyme acts on 
certain positions along the substrate and intermediate substrates.
1
 Through the hydrolysis of 
cellulose, pure glucose can hypothetically be obtained. This is a logical feedstock for renewable 
fuels and chemicals because it is the most abundant organic molecule on Earth. Therefore, 
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several approaches to biorenewable conversion rely on the availability of cheap and abundant 
glucose, achievable only by the hydrolysis of cellulose.  
Hemicellulose is a generic term for heteropolymers that also make up the cell wall of 
plants and generally consist of three or more carbohydrates.
3
 Carbohydrates typically found in 
hemicelluloses include: xylose, glucose, pyranose, mannose, galactose, and arabinose. Each plant 
species will have a hemicellulose polymer consisting of several types of ether linkages and 
branching between the monosaccharides. Like cellulose, hemicelluloses can also be hydrolyzed 
by acids or enzymes. The heterogeneity of hemicellulose poses a challenge because its 
depolymerization results in a mixture of various carbohydrates. These mixtures may be a 
difficult feedstock for some conversion strategies; however, the large portion of biomass in this 
form necessitates its utilization. 
Lignin is highly cross-linked polymer which is part of a plant cell walls and acts to 
protect biomass from insects.
1
 This phenolic polymer is the product of a free-radical 
polymerization of coniferyl alcohol, sinapyl alcohol, and coumaryl alcohol; although there is still 
debate over its biosynthesis. The multi-function monomers (aromatic, vinyl, aromatic and 
aliphatic hydroxyl, and methoxy functionalities) cause extensive and irregular cross-linking in 
the formation of the native structure which is not well characterized or understood and can only 
be given as a generalized structure. Pretreatment methods are often employed to remove lignin 
from the carbohydrate portions of biomass because it can protect polysaccharides from 
depolymerization during hydrolysis.
6
 Lignin is similar to hemicellulose in the sense that its 
decomposition yields a mixture of compounds. However, a fundamental difference in their 
depolymerization is that the decomposition of lignin  results in fragments which were not the 
original monomer units. These two complex mixtures derived from hemicellulose and lignin 
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constitute nearly 50% of biomass and need to be utilized despite the foreseeable processing 
difficulties. A future function of lignin could be to supply a renewable source of benzene which 
is one of the three major building blocks of the petrochemical industry.
6
 This goal may be 
achieved by hydrodeoxygenation (HDO) of lignin to break C-O and C-C bonds and produce 
single aromatic units; however, there are many difficulties associated with such a process.
6-12
 
 
1.4. Conversion Approaches for Biorenewables 
There are a many conversion approaches under active research to produce renewable 
fuels and chemicals. Figure 1.1. is a diagram framing this field of study by classifying these 
approaches into fundamental areas. These three approach classifications are based on how a 
technology utilizes and deconstructs the natural polymers of biomass which includes: separation 
and depolymerization, partial decomposition, and complete decomposition.  
The first approach involves separating biomass into its three major components, 
cellulose, hemicellulose, and lignin, followed by depolymerization of these components into 
their natural monomers (i.e. carbohydrates) or fragments resembling monomers in the case of 
lignin. After overcoming the challenges of biomass separation, this approach has an advantage 
because each component can be converted via strategies and chemistries that are developed to 
best suit each stream. This approach can also produce the largest chemically pure feedstock 
(glucose) available on Earth. Converting pure feedstocks along reaction pathways with high 
selectivities is likely to be the most effective means of producing chemicals. One of the largest 
hurdles of this method is that biomass separations and pretreatment strategies are difficult and 
costly. Another difficulty is the multitude of conversion pathways and sequential steps required 
in the processing to convert biomass into its components, convert those components into a 
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chemical intermediates, and convert those intermediates into a commodity chemicals or fuels. 
This necessitates the culmination of an effective and compatible network of conversion strategies 
that can utilize glucose, other carbohydrates, and lignin fragments in economical processes to 
produce chemicals and fuels.      
Partial decomposition methods convert raw biomass into a mixture of intermediate 
compounds. The two most common methods are fast pyrolysis and liquefaction which produce 
bio-oils.  Pyrolysis involves the rapid heating of dry biomass to 400-600°C under an inert 
atmosphere (near atmospheric pressures) to decompose the natural polymers into gaseous 
products which are then condensed into a bio-oil. This method yields non-condensable gases, 
bio-oil, and char. The process of liquefaction uses lower temperatures, a wet feedstock, a 
timescale on the order of an hour, and pressures up to 200 bar.
1
 One of the fundamental 
differences between these two bio-oils is that liquefaction reduces the oxygen content of 
biomass, whereas fast pyrolysis does not change the relative amounts of C, H, or O. Both of 
these methods produce a complex and unstable mixture of decomposition products that if 
stabilized/upgraded may resemble conventional crude oil or a fuel mixture. Thermal methods 
suffer from poor selectivity of any single product which limits the feasibility of deriving 
chemicals from bio-oils unless significant advances can be made in upgrading and separating 
technologies. Catalytic pyrolysis is also being explored to address the issue of selectivity. 
Methods of partial decomposition could benefit from a logistical advantage by having distributed 
infrastructure that can convert low bulk density biomass into liquids that can be transported to a 
centralized processing facility. They also circumvent the difficulty of separating biomass into its 
three main constituents that each requires their own upgrading strategies. Liquefaction may be 
difficult to employ on a large scale due to the need of high pressure equipment, long residence 
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times, and enormous production scale needed to impact fuel markets. Pyrolysis oils may be a 
suitable method of producing a liquid fuel if economical stabilization and upgrading processes 
can be developed.  
The third approach of complete decomposition involves the gasification of biomass into 
CO, CO2, H2O, and H2. This gas stream, syngas, can undergo Fischer-Tropsch synthesis to 
produce hydrocarbons that can be used as a fuel or fed directly into existing petrochemical 
processes. Synthesis gas can also undergo methanol synthesis which is one of the minor building 
blocks of the petrochemical industry, or can be used to produce hydrogen gas by the water-gas 
shift reaction to be utilized as a fuel. However, hydrogen fuel production will not provide carbon 
necessary for a chemical industry. Fisher-Tropsch and methanol synthesis are technologically 
mature processes that could be applied to biorenewables and can be considered as a base case in 
which new renewable technologies can be benchmarked. These industrially proven strategies can 
produce fuels and precursors to chemicals that are compatible with current infrastructure. 
However, the production of alkanes and methanol from Fischer Tropsch and methanol synthesis 
remains relatively expensive with seemingly less opportunities for large breakthroughs. For these 
reasons, researchers are intent on devising ways of utilizing the functionality of biomass as 
opposed to obliterating the functionality to produce alkanes which are subsequently 
refunctionalized to produce chemicals.    
The three general approaches offer various advantages and disadvantages. Separation and 
depolymerization provides a systematic and directed approach that is amenable to production of 
chemicals or fuels. However, the separation of biomass into its components is non-trivial and the 
subsequent upgrading requires a complex network of upgrading strategies to utilize each 
component of biomass. Partial decomposition avoids the complications of biomass separation, 
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depolymerization, and preliminary conversions with a single rapid step. However, this is done at 
the expense of control over the reaction pathways to produce a very complex and unstable 
mixture of compounds that must to upgraded before further use. This complex may eventually 
become a fuel but it does not seem amenable to chemical production due to the low selectivities 
towards any single product and extensive separation processes that would be required to purify 
the product streams. The production and upgrading of bio-oils are also extremely complicated, 
involving an enormous set of parameters which makes it difficult to develop a fundamental 
understanding of the numerous simultaneous processes. Complete decomposition strategies 
circumvent the need to separate or depolymerize biomass and simply treats biomass as a source 
of C, H, and O. It is not an ideal feedstock for hydrocarbon production because of its relatively 
low C and H content. Furthermore, gasification and its subsequent upgrading reactions are 
relatively mature technologies and profound breakthroughs or cost reductions seem less likely.  
The upgrading technologies associated with these conversion strategies will rely on 
microbes and/or heterogeneous catalysis to transform intermediate compounds into commodity 
chemicals and fuels. Microbes are especially well adapted to utilizing highly functional 
molecules such as carbohydrates because of the high degree of selectivity that enzymes adsorb 
and catalyze substrates. Common difficulties associated with microbes are that carbon must be 
sacrificed to reproduction and respiration and compounds are produced in relatively dilute 
aqueous solutions. Further discussion on microbial production of fuels and chemicals is beyond 
the scope of this work. Chemical catalysis, principally heterogeneous catalysis, is commonplace 
in industrial applications and can operate under harsh conditions which can often achieve higher 
overall rates of reaction. These higher rates are usually at the expense of lower selectivity, 
especially when confronted with multiple types of functionality or multiple cases of the same 
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functionality (i.e. 6 hydroxyl groups). The difference in selectivity on a heterogeneous catalyst is 
caused by an adsorption site that is not as specific as one on a biocatalyst (i.e. enzyme).  
 
1.5. Important Classes of Catalytic Reactions 
The three general areas that chemical catalysis can be applied to biorenewables is 
depolymerization, conversion of monomers to intermediates, or upgrading of intermediates to 
commodity molecules. Heterogeneous catalysis is more prevalent in the later two cases. The 
depolymerization of polysaccharides are generally reserved for homogeneous catalysts, either 
enzymes or mineral acids, due to the inherent insolubility of biomass caused by extensive 
hydrogen bonding and other inter- and intra-molecular bonding. Enzymes are generally the 
favored form of polysaccharide depolymerization because the process is more environmentally 
benign and less likely to create complications for downstream processing. Delignification 
processes are still under intense research to develop a more effective strategy involving chemical 
modification, solvents, and/or catalysts.
6
 Delignification methods will significantly affect the 
recovered lignin fragments which in turn influence the subsequent upgrading strategies. For this 
reason, lignin model compounds are commonly employed in upgrading studies to provide 
representative bonds present in the lignin fragments.   
Conversion of carbohydrates, lignin fragments, and other biorenewable intermediates are 
more relevant to heterogeneous catalysis. In the case of carbohydrates, the molecules will 
contain either five or six carbon atoms along with an equal number of oxygen atoms. Commodity 
chemicals rarely have such high ratios of oxygen to carbon and conventional fuels usually 
contain even less oxygen. It is apparent that methods of oxygen removal will be necessary to 
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convert carbohydrates into practical molecules or ones that resemble conventional commodity 
molecules.  
Oxygen exists in several functional groups including hydroxyls, aldehydes, ketones, 
esters, ethers, and carboxylic acids. Hydroxyl groups are one of the most common functional 
groups due to their high frequency in carbohydrates and lower frequency in lignin. Two 
strategies for removing oxygen from renewable molecules include dehydration and C-O 
hydrogenolysis. Dehydration is an acid catalyzed reaction which liberates water from the 
reactant and leaves an unsaturated alkene bond. The dehydration of glucose, fructose, and xylose 
to form 5-hydroxymethylfurfural (6 carbon) and furfural (5 carbon), respectively, of which 5-
hydroxymethylfurfural has been described as a potential biorenewable platform chemical.
13-14
 
One of the common difficulties is achieving high selectivities towards multiple dehydration 
products due to decomposition or polymerization of highly unsaturated molecules. Dehydration 
is likely to play a significant role in biomass processing because it is capable of converting a 
ubiquitous functionality of biomass into a less common functionality (alkene). This reaction will 
become even more important if stable solid acid catalysts can be synthesized that are amenable 
to liquid phase processing.  
C-O hydrogenolysis involves the addition of hydrogen during the cleavage of a C-O 
bond. This process yields water and does not form an unsaturated bond as dehydration does and 
can be applied to hydroxyl groups, ethers, and esters. Under reducing conditions, aldehydes, 
ketones, and carboxylic acids can also be hydrogenated to form hydroxyl groups. Therefore, C-O 
hydrogenolysis is a versatile approach to reducing oxygen content of biorenewables because of 
the numerous applicable function groups. C-O hydrogenolysis involving hydroxyl groups is the 
focus of this work and will be discussed in greater detail in the following chapters. 
12 
 
Carbon length can be an important factor in fuels because of the practical characteristics 
they impart. Carbohydrates being limited to C5-C6 carbons are on the lower range of carbon 
chain length for conventional gasoline, C5-C9, and well below that typical for diesel, C10-C20.
2
 A 
typical carbon length is not as applicable to lignin fractions because they could exist at any 
carbon range depending on the depolymerization method employed. For some fuel applications it 
will be necessary to create C-C or C-O (i.e. ester) bonds to utilize carbohydrates or the light 
fractions of pyrolysis oils. Potential reaction classes that could be involved include aldol-
condensation, ketonization, and esterification. Further discussion on forming C-C and C-O bonds 
is beyond the scope of this work but is discussed in several recent review articles.
15-17
 
 
1.6. Catalytic C-O Hydrogenolysis 
The use of C-O hydrogenolysis is likely to play an integral role in biorenewable 
upgrading strategies because of the abundance of hydroxyl groups in the feedstock. However, 
some of the potential drawbacks of this strategy will include the cost and availability of 
hydrogen and the high temperatures involved in the conversion. Hydrogenolysis is a general term 
for reactions that consume hydrogen during a bond cleavage event which results in two 
molecules that are terminally saturated at the bond cleavage site. There are multiple proposed 
mechanisms for hydrogenolysis reactions that are dependent upon the catalyst, reactant, and 
reaction conditions. It is important to keep in mind that biorenewable derived molecules are 
likely to have significant amounts of functionality including multiple different groups (i.e. 
aldehyde, ketone, aromatic, ester, ether, etc.) and/or the same repeating groups (i.e. hydroxyl 
groups of sorbitol). It will be important to develop strategies that can selectively target 
functionality and discriminate between repeating functional groups on a molecule.  
13 
 
This work focuses on the former situation where there are multiple types of functional 
groups have the potential to react simultaneously. With hydrogenolysis catalysts, the common 
competing reactions involve C-C and C-O hydrogenolysis and hydrogenation (i.e. aromatic 
centers). In the case of lignin decomposition, it may be advantageous to have a controlled 
amount of C-C hydrogenolysis occur concurrently with C-O hydrogenolysis because the C-C 
bonds of lignin are very difficult to break.
6
 However, this may be difficult to realize in practice 
and control of reaction pathways will likely be of the utmost importance. Excessive and 
unnecessary hydrogenation of aromatic species is undesirable because it could be potentially 
expensive (H2 cost) and could yield unwanted products as in the case of lignin refining to form 
BTX (benzene, toluene, xylene) commodity chemicals.
6
  
 
1.6.1. Catalyst Considerations 
There are several metals that are capable of performing hydrogenolysis; however, there is 
a not a clear consensus of the active species and reaction mechanisms involved. One of the 
generally accepted criteria for a catalyst is the ability to activate (i.e. dissociate) hydrogen for the 
reaction. Most metals that can perform this dissociation are also considered hydrogenation 
catalysts including: Pt, Pd, Rh, Ru, Ni, Fe, and Cu. Of these metals, copper has been shown to 
preferentially perform C-O hydrogenolysis over C-C hydrogenolysis and also minimize aromatic 
hydrogenation.
13, 18-44
 The performance of supported copper catalyst can vary depending on the 
nature of the support and processing conditions.
35-36
 There are also cases of Pd performing C-O 
hydrogenolysis at high selectivity without excessive hydrogenation.
26, 34, 45-47
 However, studies 
with Pd catalyst have shown significant amounts of C-C cleavage via decarbonylation in studies 
with 5-methylfurfural.
39, 42
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The number of fundamental studies employing C-O hydrogenolysis is limited because it 
has only recently become of interest with the study of some biorenewable derived molecules and 
interest in the hydrodeoxygenation (HDO) of coal-derived liquids and pyrolysis oils.
8-12, 48-49
 Past 
literature has indirectly studied C-O hydrogenolysis as a subsequent reaction performed in some 
aldehyde hydrogenations.
21-29, 32, 34-41, 44, 50-62
 In the case of copper catalysts, which are the focus 
of this work, very little attention has been paid to the active species of the copper catalysts and 
most studies have involved catalyst screening as opposed to catalyst characterization and 
development. Depending on the reactant, there could be different reaction pathways, 
mechanisms, and active species involved in the catalysis; therefore, it is difficult to draw 
definitive conclusions from the various reaction systems without a good basis for comparison. 
   
1.6.2. Reaction Systems 
The most popular C-O hydrogenolysis reaction involves the conversion of glycerol to 
1,2-propanediol (propylene glycol), 1,3-propanediol, or ethylene glycol. As mentioned 
previously, considerable interest has been generated due to the availability of glycerol as a by-
product of bio-diesel production. Another reaction system that has been popularized for C-O 
hydrogenolysis involves the conversion of 5-hydroxymethylfurfural (HMF) to 2,5-dimethylfuran 
which is a potential fuel replacement molecule.
13
 This interest could be broadened to include a 
similar derivative, furfural, in the conversion to 2-methylfuran. HMF, furfural, and their 
derivatives are also present in pyrolysis bio-oils and may contribute to its instability.
45, 63-65
 
Another class of molecules involve phenolic derivatives that may be obtained from lignin 
fractionation or bio-oils including vanillin and a multitude of other model compounds with 
representative functional groups.
6, 8, 45, 66
 Every hydroxyl group of these compounds are not the 
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same because of the chemical differences of the atoms they are bound to or surrounded by. These 
differences may cause the molecules to exhibit different conversion mechanisms, pathways, 
and/or activities. A hydroxyl group of glycerol is bond to an aliphatic carbon and the surrounding 
α and β carbons are also aliphatic, whereas the hydroxyl group(s) of HMF and furfural may be 
aliphatic but the neighboring α and β carbons are saturated/aromatic. The hydroxyl group(s) of 
the phenolic lignin fragments can exhibit the same characteristics of glycerol, furfural, or can be 
located on an aromatic carbon(s) while the surrounding carbons are also aromatic (i.e. phenol).   
 
1.6.3. Glycerol 
There has been extensive work on the C-C and C-O hydrogenolysis of glycerol in the 
past decade. This work has shown that Ni, Ru, Pt, and Cu are effective at breaking C-O bonds.
67
 
In addition, copper containing catalysts were shown to produce propylene glycol at relatively 
high yields compared to other catalysts. However, at least two general mechanisms of the 
reaction have been proposed under very different conditions. Two of the most prevalent 
mechanisms can be seen in Figures 1.2. and 1.3. and are proposed by Montassier et al. and 
Dasari et al., respectively.
68-70
  
The mechanism proposed by Montassier et al. involves the metal catalyzed 
dehydrogenation of the primary hydroxyl group followed by the base catalyzed dehydration of 
the β-hydroxyl group to form glyceraldehyde.69 Glyceraldehyde is hydrogenated by the metal to 
propylene glycol. This mechanism was further probed in basic media with various diols by Wang 
et al.
70
 This also allows for the use of a competing retro-aldol fragmentation to describe the 
formation of ethylene glycol from glycerol through a glyceraldehyde intermediate.
69-72
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The mechanism proposed by Dasari et al. involves the dehydration of a primary alcohol 
group to form acetol which is subsequently hydrogenated to propylene glycol.
68
 These 
experiments were performed without basic media and this mechanism was proposed to explain 
the presence of acetol and the absence of glyceraldehyde during the reaction. They further 
validated the method by the production of acetol from the copper chromite catalyst in the 
absence of hydrogen. After the introduction of hydrogen, the acetol was hydrogenated to 
propylene glycol with only a minor amount of acetol in equilibrium.    
These two examples demonstrate how different mechanisms can call for different 
approaches to catalyst design or modifications of the reaction environment. In the case of the 
acid/metal catalyzed dehydration/hydrogenation mechanism, the processes can clearly be 
separated into two steps. One catalyst would be designed to dehydrate glycerol to acetol and 
another catalyst would be designed to hydrogenate acetol to propylene glycol. Another approach 
would be to design an effective bifunctional catalyst with acidic and hydrogenation capabilities 
that could be used to perform the reaction in a single step. The base mediated mechanism 
proposed by Montassier does not seem as amenable to separating into a two step process because 
the glyceraldehyde is not observed in the reactions, possibly due to its high reactivity. A 
bifunctional dehydrogenation/hydrogenation and basic catalyst may be devised to perform this 
reaction without the addition of a homogeneous base.  
 
1.6.4. Furfural, 5-Hydroxymethylfurfural, and Derivatives 
Furfural is an example of a biorenewable chemical that was originally produced in 1921 
by the Quaker Oats Company. This conversion involves the acid catalyzed decomposition of oat 
hulls, utilizing the hemicellulose fraction of the agricultural waste.
27, 73
 Considerable work has 
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been performed on the selective hydrogenation of furfural to furfuryl alcohol dating back to the 
work of Bremner and Keeys in 1947 to more recent studies within the last decade.
21-22, 24-25, 32, 39, 
44, 50-51, 53, 58-59
 A vast majority of studies involved the use of copper catalyst but some non-copper 
catalysts include platinum and cobalt.  
Copper chromite (CuCr2O4•CuO) has been commercially utilized for this reaction and 
can achieve yields exceeding 95%; however, the development of copper catalysts with the 
absence of chromium has been under research for the last couple of decades due to 
environmental concerns.
27
 Cu-Ca/SiO2 and Cu-MgO catalysts have been developed that claim 
over 95% yield to furfuryl alcohol.
58, 62
 Cu/C catalyst have been developed by Rao et al. 
reporting over 95% selectivity for furfuryl alcohol at low conversions. At higher conversions 
these Cu/C catalysts achieve lower selectivities due to the formation of 2-methylfuran.
25
 Pt 
catalysts have achieved high selectivity towards furfuryl alcohol, albeit at 58% conversion by 
Vaidya et al. Attempts by Marinelli et al. to selectively hydrogenate furfural with Pt and Pt-Cu 
catalysts was unsuccessful.
51, 57
 Co-Mo-B catalysts synthesized by Chen et al. claimed yields of 
nearly 100% in liquid hydrogenations of furfural.
54
 However, selectivities of the reactions were 
not reported in the data and only mentioned “near 100% selectivity” in the abstract and 
conclusions. Furthermore, this result is even more surprising given that the reaction was 
performed at only 100°C. This provides a stark contrast with bimetallic Co-Cu catalysts that 
achieved 95% selectivity towards furfuryl alcohol but only with 30-60% conversion and at 
140°C.
60
  
High selectivities of furfuryl alcohol were usually observed when reaction temperatures 
below 170°C were used, avoiding the formation of 2-methyfuran via C-O hydrogenolysis.
27
 High 
pressures can also move the equilibrium towards further hydrogenation instead of 
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dehydrogenation because at higher temperatures decarbonylation can lower selectivities towards 
C-O cleavage in favor of C-C cleavage. However, too high of pressures will favor the 
hydrogenation of the furan ring.     
Despite the considerable research involving the hydrogenation of furfural and the long 
history of its commercial use, there is a considerable lack of kinetic, mechanistic, and active 
species identification in the literature. Borts et al. were the first to publish kinetic data of furfural 
hydrogenation involved a vapor-phase reaction using copper chromite catalyst at 160°C.
53
 A 
power rate law was applied which was first order with respect to furfural and second order with 
respect to hydrogen and an activation energy of approximately 21 kcal/mol was reported. 
Deactivation occurred continuously until the catalyst was completely deactivated. In an 
experiment where acetone was used as the reactant, the same degree of deactivation did not 
occur. This suggested that the deactivation occurred on the account of furfural or furfural 
derivatives.    
Seo et al. is one of the first works to suggest an active species of hydrogenation of 
furfural.
39
 This study consisted of screening several copper and palladium based catalysts. All 
catalyst observed some degree of deactivation which was later attributed to the reduction of the 
Cu(II) species to Cu
0
 at temperatures above 350°C and coking below 200°C. Infrared adsorption 
studies of furfural and tetrahydrofuran (THF) on some of the Cu-zeolites suggested that furan 
adsorbed via Cu(II) and this interaction prevented the saturation of the furan ring. Therefore, it 
was proposed that Cu(II) was one of the active species of hydrogenation.   
The first concerted effort to correlate a quantification of surface species to catalytic and 
kinetics of furfural hydrogenation was performed by the Vannice group.
24
 The study was 
performed using copper chromite due its prevalent use in furfural hydrogenation and explored 
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the relationship of reduction temperature and copper active species on the vapor-phase catalytic 
hydrogenation activity at 140°C. This study found that the highest catalytic activity occurred 
after reduction at 300°C, which was in agreement with other literature. No clear correlations 
were observed between the active site quantification methods and activity measurements. 
However, it was found that the most active catalyst coincided with the most intense peak 
attributed to Cu
+
 species in a DRIFTS FTIR adsorption experiment with CO, suggesting that Cu
+
 
may be an important species in the catalytic cycle. They identified this Cu
+
 species in the form of 
the delafossite structure CuCrO2. Additional findings included the rapid deactivation of the 
catalyst which is consistent with other literature and the development of the Langmuir-
Hinshelwood kinetic model. 
A subsequent study by the Vannice group involved the hydrogenation of furfural at 
100°C-275°C with catalysts produced by supporting copper on various carbons.
25
 Similar 
characterization and testing methodologies were followed for comparison to their previous work 
with copper chromite. It was proposed that both Cu
0
 and Cu
+
 sites were necessary for optimal 
activity. The Cu
+
 site was in the form of Cu2O.  This finding was supported by evidence that 
catalytic activity was lower for catalyst with Cu
0
/(Cu
0
 + Cu
+
)  approaching 0 or 1 in contrast to 
higher activity for values ranging from 0.4-0.6. Catalysts reduced at 300°C were again found to 
be more active than catalysts reduced at 200°C. The catalyst with an activated carbon support 
was not shown to deactivate over 10 hours on stream at 250°C. These catalysts were used at 
higher temperatures than the previous study with copper chromite which may be explained by 
lower activities of the supported catalysts and higher selectivities towards 2-methylfuran at 
higher conversions.  
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A study by Pramottana et al. explored the condensed-phase hydrogenation of furfural 
with copper chromite.
59
 This study suggested that Cu
0
 was the active species for hydrogenation 
based on correlations between N2O titration and reaction results. However, methodology used in 
the N2O was not clear and the use of a very low reduction temperature, 125°C, was not 
consistent with other literature. An interesting experiment in this study involved the treatment of 
the catalyst with N2O after reduction to selectively oxidize the Cu
0
 species and alter the activity 
of the catalyst. It was found that this N2O pretreatment lowered the final conversion to 
approximately 45% compared to 72% without N2O pretreatment.   
A recent work by Sitthisa et al. was performed to study the kinetics of vapor-phase 
hydrogenation of furfural and adsorption mechanism of furfural on a Cu/SiO2 catalyst.
44
 This 
was one of the first concerted efforts made to understand the mechanism of furfural 
hydrogenation. The hydrogenation was performed at atmospheric pressure at 230-290°C, which 
are too high of temperatures to only observe hydrogenation but high enough space velocities in 
which conversion of furfural alcohol to 2-methylfuran was only moderate. These conditions 
make it difficult to assess the maximum selectivities to furfural alcohol or 2-methylfuran with 
this catalyst. A kinetic model was developed following Langmuir-Hinshelwood kinetics that was 
capable of predicting untested conditions to a reasonable degree of accuracy. It was also found 
that water inhibited the reaction through competitive adsorption on the active sites. DRIFTS 
FTIR adsorption studies were performed to probe the adsorption behavior of furfural on copper, 
albeit this was not performed on the supported catalyst because furfural interacted too strongly 
with the silanol groups to observe the interaction with copper. In conjunction with DFT 
calculations, the adsorption of furfural occurred in a η1(O)-aldehyde perpendicular conformation 
due to a repulsion of the furan ring by the copper surface. In other words, the adsorption 
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occurred through the aldehyde oxygen and the ring is perpendicular to the surface which does 
not appear to participate significantly in the adsorption. Further calculations suggested that the 
adsorbed aldehyde underwent a hydroxyalkyl intermediate, indicating the first step in the 
hydrogenation is the addition of atomic hydrogen to the oxygen followed by addition to the 
carbon. The heat of adsorption for 2-methylfuran was estimated to be significantly lower than 
those of furfural and water. This could be an important finding in the context of C-O 
hydrogenolysis because it suggests that water could significantly inhibit the C-O hydrogenolysis 
reaction by competitive adsorption.    
A cohesive understanding of the kinetics, active species, and mechanistic details of 
furfural hydrogenation has remained elusive despite the significant contributions of the 
highlighted studies. Further characterization of active species and understanding of how these 
species interact with the catalyst support or other mixed metal oxides will be necessary to 
develop catalyst that can perform comparably or surpass the conventional copper chromite 
catalyst.  
Limited studies have been performed that focus on C-O hydrogenolysis of furfural, HMF, 
or their hydrogenated alcohols.
13, 18-20, 22-23, 42-43, 46-47, 74-76
 The earliest work was performed by 
Burnette et al. to produce 2-methylfuran which could be ring opened and dehydrated to form 1,3-
pentanediene which could be used produce rubber.
22
 It was found that copper chromite supported 
on activated charcoal could achieve 90-95% yields of 2-methylfuran and an estimate the heat of 
formation of 2-methylfuran was determined to be 27 kcal/mol using thermochemical data. A 
decade later, Manly and Dunlop screened copper chromite catalyst with various Cr and promoter 
contents including graphite, CaO, and Na2SiO3 in the vapor-phase.
23
 Changing the Cr content did 
not have a profound effect on the selectivity of 2-methylfuran except for the most extreme case 
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of 94% CuO and 6% Cr2O3 which reduced selectivity from approximately 92% to 83% at 200°C. 
The addition of Na2SiO3 significantly lowered the catalyst activity and the high temperatures 
employed resulted in much lower selectivities towards 2-methylfuran. The highest reported was 
44.8% at 300°C with the Na promotion. The catalyst with 96% CuO and 4% graphite performed 
very poorly resulting in 2-methylfuran selectivities below 5%. The heat of formation of 2-
methylfuran was reported to be 24.1 kcal/mol which is in agreement with the estimate of 
Burnette et al. The addition of basic oxide promoters such as CaO can limit acid catalyzed 
reactions such as resinification and etherification of furfural.
27
 Na2SiO3 can inhibit the formation 
of 2-methylfuran to optimize furfuryl alcohol production. This would suggest that there may be 
additional sites necessary for hydrogenolysis even though hydrogenation sites may also be 
required to activate hydrogen. However, the role of acidity on the reaction was not clear from 
this study.     
Nearly three decades later, Yuskovets et al. performed a kinetic study of vapor-phase 
hydrogenolysis and decarbonylation of 5-methylfurfural on palladium on γ-Al2O3 catalysts from 
200-308°C.
42
 A more complicated kinetic model was developed that closely resembled 
Langmuir-Hinshelwood kinetics, but with additional constants that were fit to improve the 
description of the data mathematically but not fundamentally. The rate of decarbonylation was 
higher than C-O hydrogenolysis in all kinetic experiments; therefore, the use of similar 
palladium catalysts may not be effective at selective C-O hydrogenolysis. 
More recently, several articles have been published from the Institute of Coal Chemistry 
in Taiyuan, China.
18-20, 43
 Several copper containing catalysts with varying degrees of complexity 
were synthesized to produce 2-methylfuran in coupled reaction systems. In the hydrogenolysis of 
furfuryl alcohol, Cu/Zn/Al/Ca/Na and Cu/Cr/Ni/Zn/Fe catalyst achieved 92.7% and 70.9% yield 
23 
 
to 2-methylfuran at 200°C, respectively.
18
 The latter’s low selectivity was explained by the 
formation of furan and saturated furan derivatives in significant quantities which were likely 
caused by the 8% Ni content. No deactivation was observed with increasing time on stream, but 
it was not clear to what extent this was tested. The other studies involved furfural and 1,4-
butanediol or cyclohexanol which underwent cyclization or dehydrogenation to supply the 
hydrogen for the reduction of furfural to 2-methylfuran. In a study with a 10% Ca and 1% Ba 
promoted copper chromite catalyst, a yield of 92.1% 2-methylfuran was reported with a 5.4% 
yield of furfuryl alcohol that was yet to be reacted further at 200°C.
19
 This was achieved with a 
concurrent yield of over 95% towards γ-butyrolactone; however, the activity and selectivity of 
this catalyst did change over 100 hours of time on stream. Another study was published in the 
same reaction system by employing a Cu/Zn catalyst which achieved 96.5% and 99.4% yields of 
2-methylfuran and γ-butyrolactone, respectively.43 Interestingly, these results were compared to 
the hydrogenation of furfural with H2 gas and in the absence of 1,4-butanediol a yield of 88.6% 
was achieved due to ring opening products. It was claimed that the coupling of these two 
reactions enhanced the hydrogenation.  There was no mention of deactivation or stability. A 
recent study involved coupling the dehydrogenation of cyclohexanol and 
hydrogenation/hydrogenolysis of furfural on a Cu/Mn, Cu/Si, and three Cu/Mn/Si catalysts with 
various compositions.
20
 The three Cu/Mn/Si catalyst achieved yields of over 90% towards 2-
methylfuran whereas the Cu/Si yield was 80.2% with 6.4% remaining furfuryl alcohol. The 
Cu/Mn obtained only 30.4% yield towards 2-methylfuran with 60.5% furfuryl alcohol unreacted. 
This was probably on account of the significantly lower surface area of the Cu/Mn catalyst, 57 
m
2
/g. This study reported more extensive catalyst characterization including TPR, N2O 
chemisorption, NH3-TPD, XRD, and BET surface area. There was no clear correlation identified 
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with acid amounts or strengths and catalytic activity. In a stability experiment, only the A5 
catalyst with Cu:Mn:Si of 1:1.12:1.13 showed no significant changes in conversion or 
selectivity. 
In a study by Lessard et al. a CuFe/Si catalyst achieved a 98% yield of 2-methylfuran in 
the vapor-phase hydrogenation of furfural using toluene as a dilutant for the furfural.
75
 It 
maintained a high activity for up to 20 hours before deactivating. The catalyst could be 
regenerated but with lower activity. There appears to be a discrepancy in the regenerated activity 
data because the amount of furfural via dehydrogenation in the affluent does not correspond with 
the high selectivity reported for 2-methylfuran.  
The Dumesic group highlighted the potential use of C-O hydrogenolysis to deoxygenate 
5-hydroxymethylfurfural (HMF) to form 2,5-dimethylfuran (DMF) as a fuel molecule with more 
favorable characteristics compared to ethanol.
13
 The conversion of HMF to DMF was studied in 
both the liquid and vapor phases using Ba-promoted copper chromite catalyst and a CuRu/C 
catalyst. In the liquid-phase, yields of 61% and 71% were achieved at 220°C with CuCr-O and 
CuRu/C, respectively. In vapor-phase experiments, a yield of 93% DMF was achieved with a 3:2 
CuRu/C catalyst and 52% DMF with CuCr2O4•CuO•BaO but the remaining carbon was 
unaccounted for. Lower yields were obtained in experiments integrated with HMF formation due 
to chloride ions
 
from the partitioning of the biphasic reactor and the HCl used to convert fructose 
to HMF. A recent study by Binder et al. utilized a similar process as the Dumesic group for the 
C-O hydrogenolysis step employing a CuRu/C catalyst. They found a similar yield of 49% DMF 
due to poisoning from Cl
-
.        
Sitthisa et al. studied the hydrodeoxygenation of furfural with Cu, Pd, and Ni catalysts.
47
 
It was found that Cu catalyst catalyzed hydrogenation and hydrogenolysis which was attributed 
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to a η1-(O)- aldehyde adsorption mode with very little interaction with the unsaturated furan 
bonds. Pd was found to catalyze decarbonylation, hydrogenation to furfuryl alcohol, and further 
hydrogenation to tetrahydrofurfuryl alcohol. Decarbonylation was the primary reaction pathway 
which was attributed to an acyl intermediate formed from a η2-(C,O)- aldehyde adsorption mode. 
Ni was also found to catalyze decarbonylation that was accompanied by further degradation of 
the furan ring via C-O hydrogenolysis to produce C4 acyclic products. This study provided 
further evidence that Cu is a suitable C-O hydrogenolysis catalyst that minimizes oversaturation 
of the aromatic furan bonds when compared to other base metals and noble metals.  
In a subsequent study by Sitthisa et al., a bimetallic Ni-Fe alloy was found to perform 
hydrogenolysis of furfural to 2-methylfuran with yields approaching 80%.
76
 In the 
hydrogenolysis of benzyl alcohol, nearly 95% yield was observed at 250°C. DFT was used to 
suggest that the oxyphilic nature of Fe strengthened the oxygen interaction with the surface to 
inhibit the formation of an acyl species while favoring hydrogenolysis of the C-O bond. In a 
reaction scheme, it was also suggested that the hydrogenolysis step occurs prior to any atomic-H 
addition to the molecule; however, this detail was not addressed in the discussion.      
A fundamental understanding of C-O hydrogenolysis catalysis in the context of furfural, 
HMF, and their derivatives remains inadequate to improve catalyst systems. More is understood 
of hydrogenation of furfural and HMF and this analogous reaction is likely to share some 
qualities with C-O hydrogenolysis because both require the ability to activate hydrogen. Cu
2+
, 
Cu
+
, and Cu
0
 have all been proposed as active species of furfural hydrogenation and no definitive 
conclusions have been reached as to the relationship between copper oxidation states and the 
activity in hydrogenation. C-O hydrogenolysis may require different active sites from 
hydrogenation, considering evidence that hydrogenation catalysts can be made more selective to 
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hydrogenation products than hydrogenolysis products through the promotion of Na2SiO3. 
Understanding how these promoters inhibit hydrogenolysis to the benefit of higher 
hydrogenation selectivities may be important in the understanding of C-O hydrogenolysis 
activity. It is crucial to indentify which copper oxidations states are responsible for C-O 
hydrogenolysis activity to design improved catalysts.   
Mechanistic discussions of C-O hydrogenolysis of furfural and HMF derivatives are 
absent from literature. The two mechanisms of glycerol hydrogenolysis do not seem directly 
applicable because the first step in the mechanism proposed by Montassier et al. of 
dehydrogenation-dehydration-hydrogenation would be unfavorable under high H2 pressure. The 
α and β positions of furfural and HMF are already saturated and it is not apparent how 
dehydration could occur analogously. Furthermore, it is not clear if the Montassier mechanism is 
valid when a homogeneous base or strongly basic sites are absent. In addition, it was not clear 
how the mechanism proposed by Dasari et al. for glycerol hydrogenolysis is applicable because 
intermediates analogous to acetol have not been reported in furfuryl alcohol or 2,5-
dihydroxmethylfuran hydrogenolysis. Dehydration would also require rearrangements of stable 
aromatic bonds to form some sort of unstable and unobserved intermediate. Literature in 
analogous reaction systems may provide some insights into mechanistic detail of the C-O 
hydrogenolysis of furfural, HMF, and their derivatives.               
 
1.6.5. Benzyl Alcohol 
The C-O hydrogenolysis of benzyl alcohol (via benzaldehdye) is an analogous system to 
that of furfuryl alcohol and 2,5-dihydroxymethylfuran (furfural and HMF). The literature 
regarding C-O hydrogenolysis of benzyl alcohol uses a broader range of catalyst metals 
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including Cu, Ni, Pt, Pd, and others.
26, 28-31, 33-37, 40, 52, 55, 77-78
 Selectivities of the various metals in 
benzyl alcohol hydrogenolysis are similar to those found in the furfural literature where Cu-
catalyst can produce toluene in the highest yields. Additionally, Ni, Pt, and Pd are associated 
with significant amounts of decarbonylation and aromatic ring hydrogenation.  
Ni-catalysts exhibited significant amounts of decarbonylation and moderate amounts of 
aromatic ring hydrogenation. Keane showed that Ni/Si catalyst in benzaldehyde hydrogenation 
produced a mixture of benzyl alcohol, toluene, and benzene which was highly dependent on the 
temperature of the reaction.
29
 At 120°C the hydrogenation yield was over 90% with minor 
amounts of toluene. C-O hydrogenolysis selectivity was at a highest yield of 35% at 200°C and 
C-C hydrogenolysis became the dominant reaction above 200°C. At 140-160°C it may be 
possible to achieve higher toluene yields with longer residence times. Work by Saadi et al. 
supported Ni on SiO2, TiO2, Al2O3, and CeO2 in the vapor-phase hydrogenation of benzaldehyde 
at 70, 110, and 140°C.
35
 Steady-state maximum yields of 64-77% toluene were achieved by the 
TiO2, SiO2, and CeO2 supports with the remaining selectivity towards benzene and minor 
amounts of methylcyclohexane. It was claimed that if benzyl alcohol was fed, a 100% yield of 
toluene could be achieved. However, this claim was made without reference to a specific 
catalyst, reaction conditions, or details regarding if this was a steady-state yield or an initial rates 
selectivity. The initial selectivities obtained by extrapolation were markedly higher than the 
steady-state values.       
Pt-catalysts have been studied because of their extensive use as hydrogenation catalysts. 
Significant decarbonylation of benzaldehyde occurred, in addition to evidence of ring 
hydrogenation depending on the reaction conditions.
61, 77
 Nishimura et al. used Pt and Pt-Rh 
catalysts in the condensed-phase hydrogenolysis and hydrogenation of benzyl alcohol at 25°C 
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with some additives such as acetic acid.
77
 Hydrogenation of the aromatic ring followed by 
hydrogenolysis was the primary pathway in which several cyclohexane derivatives were formed. 
The work of Vannice and Poondi investigated the vapor-phase hydrogenation of benzaldehyde 
and benzyl alcohol with supported Pt on TiO2, SiO2, Al2O3 at 40-170°C.
61
 It was found that the 
Pt-TiO2 could achieve the highest selectivity towards benzyl alcohol (100%); however, at higher 
conversions, the hydrogenolysis reactions converted benzyl alcohol to toluene and benzene. At 
80% conversion of benzaldehyde with this catalyst, the selectivity towards toluene was 40%, 
10% benzene, and 50% unreacted benzyl alcohol. 
Pd-catalysts have shown some promising results for C-O hydrogenolysis of 
benzaldehyde; however, limiting the C-C hydrogenolysis is the primary concern. Bankmann et 
al. performed condensed-phase hydrogenation and hydrogenolysis of 4-methylbenzaldehyde in 
ethanol at 150°C using a Pd/TiO2 catalyst.
52
 Two similar Pd catalyst were tested, except for one 
had higher acidity created by the use of Cl or S anions in its synthesis. It was found that the 
selectivity of these two catalysts towards C-O hydrogenolysis, p-xylene, was equal at 75%, but 
the lower acidity catalyst had a higher selectivity of 95% compared to the high acidity catalyst 
with 79%. This demonstrated that increased acidity did not lead to higher rates of C-O 
hydrogenolysis. Pinna et al. studied the hydrogenation and hydrogenolysis of benzaldehyde in 
the condensed phase using Pd/C, Pd/Al2O3, and Pd/SiO2 catalysts in ethanol.
34
 The reaction 
conditions were very unique because it was operated at 20°C under atmospheric conditions with 
H2 flowing through a glass reactor with a reflux condenser. In the case of Pd/C catalyst, a 100% 
yield of toluene was achieved after 150 minutes. The Pd/Al2O3 and Pd/SiO2 were able to perform 
the hydrogenation with over 95% selectivity. They later poisoned the catalyst with Na2S and 
found that hydrogenolysis capabilities greatly diminished by an order of magnitude whereas 
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hydrogenation capabilities were only reduced by half. These are remarkable results when 
contrasted to the works of Bankmann et al. with a Pd/TiO2 catalyst at 150°C. Only external 
(stirring speed) mass transfer effects were tested. Perhaps this system could achieve higher 
selectivities under severely H2 limited conditions as they may be in the ethanol solvent at 1 atm 
H2 and considering the zero-order dependence on benzaldehyde.    
Copper catalyst have performed selectively in C-O hydrogenolysis of benzaldehyde with 
limited C-C hydrogenolysis; however, higher reaction temperatures are generally involved.
31, 33, 
36, 78
 A study by Srinivasan et al. examined the conversion of benzyl alcohol over Cu/Al2O3 
catalyst without co-feeding hydrogen.
78
 This caused significant dehydrogenation of benzyl 
alcohol to benzaldehyde which generated H2 to reduce benzyl alcohol to toluene, and therefore is 
of limited use in this discussion. A subsequent study by Kozma et al. investigated the possibility 
of disproportionation of benzyl alcohol to benzaldehyde and toluene or dehydrogenation and  
hydrogenolysis using YBa2Cu3O7-x, Cu/SiO2, CuO, and Y2BaCuO5 in the vapor phase while co-
feeding H2 at 250-400°C.
31
 It was claimed that hydrogenolysis and dehydrogenation must have 
occurred because in some cases there was more toluene than benzaldehyde and vice versa. 
Therefore, disproportionation may have occurred but it could not be not the sole mechanism 
involved with the formation of toluene. The highest selectivity towards toluene was exhibited by 
the Cu/SiO2 catalyst at 250°C with a selectivity of 84% at a conversion of 37%. A study by Pillai 
tested a similar hypothesis to determine if benzyl alcohol underwent disproportionation or 
dehydrogenation and hydrogenolysis to form toluene.
33
 In the absence of H2, it was found that 
non-stoichiometric amounts of benzaldehyde and toluene were present suggesting that the latter 
reaction pathway was predominant.  
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A study performed by Saadi et al. supported copper on Al2O3, SiO2, ZrO2, CeO2, and 
TiO2 to explore support effects in the vapor-phase hydrogenolysis of benzaldehyde and benzyl 
alcohol from 100-350°C.
36
 These supports considerably altered the reduction behavior of copper 
by changing the initial reduction up to 110°C and the total reducibility of the copper. Important 
information may be drawn from this reaction data; however, the experiments were performed in 
such a way making it difficult to compare the catalysts on a fundamental basis. For instance, 0.2g 
of each catalyst was loaded despite the fact that the BET surface areas ranged considerably from 
35.5-162.0 m
2
/g without any information of the copper dispersion. Cu/SiO2 had the lowest 
reduction temperature of 260°C and also the highest catalyst surface area. The catalyst was 
significantly more active than the other catalysts and achieved just under 70% conversion at 
100°C and complete conversion at 250°C. The other catalysts only became significantly active at 
350°C with conversions of 100%, 60%, 55%, and 10% for Al2O3, TiO2, CeO2, and ZrO2 
supported catalysts, respectively. These findings may be a result of the significant difference in 
surface area and the reduction temperature since all catalysts were reduced at 350°C prior to the 
reaction and some TPRs indicated that the first reduction event did not occur until at a higher 
temperature. The high reduction temperatures may result in lower total surface area and/or 
copper surface area, but it is difficult to assess if the catalyst was simply not activated (i.e. 
reduced) or if it is activated and surface species are present in different compositions. The 
selectivity of the Cu/SiO2 catalyst was in excess of 95% from 100-300°C. The other catalysts 
such as Cu/CeO2 and Cu/TiO2 can achieve selectivities of about 90% at 150°C and 300-350°C, 
respectively. Albeit, the conversion for Cu/CeO2 at 150°C and Cu/TiO2 at 300°C were only 5% 
and 25%, respectively.   
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In contrast to the furfuryl alcohol system, mechanisms of C-O hydrogenolysis have been 
proposed for the benzyl alcohol system.
28, 30, 35-36, 40
 Kieboom et al. proposed that primary 
alcohols such as benzyl alcohol undergo a concerted SN2 substitution to yield toluene on a Pd/C 
catalyst.
30
 This interaction occurred between the ring and the carbon of the alcohol with the 
surface and an adsorbed hydride species. However, this study was also performed at non-neutral 
pH, both acidic and basic. Therefore, the applicability of discussing leaving groups when 
discussing heterogeneous catalysis that requires adsorption effects may not be appropriate. This 
placed a partial negative charge on the oxygen which causes an addition of atomic hydrogen to 
the oxygen followed by C-O bond cleavage. Work by Hubaut and Bonnelle also suggested that 
C-O hydrogenolysis occurred via a concerted SN2 mechanism by the addition of a hydride 
species on a copper chromite catalyst, while taking into consideration that the dehydration of 
benzyl alcohol was not possible.
28
 A point of distinction was that the π-bonds and the oxygen 
interacted with the catalyst surface instead of the carbon of the alcohol. It was also suggested that 
Cr
3+
 was the active site for hydrogenolysis; however, no characterization evidence was provided 
to suggest this. The work of Saadi et al. cited the mechanism of Hubaut et al. to propose a similar 
mechanism which occurred for Cu/TiO2, Cu/ZrO2, Cu/CeO2, Ni/TiO2, and Ni/CeO2. In this 
mechanism the Cu/Ni dissociated hydrogen that migrated to the support and the lewis acidity of 
the support adsorbs and added hydrogen across the alcohol.
35-36
 Another point of distinction was 
that the π-bonds of the phenyl group did not interact with the surface species but instead the 
carbon and oxygen of the alcohol interacted with the surface.         
The benzyl alcohol studies demonstrated that Cu and Pd catalyst could perform C-O 
hydrogenolysis effectively without excessive decarbonylation; however, benzyl alcohol more 
readily undergoes C-O hydrogenolysis and Pd was shown to perform significant amounts of 
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hydrogenation and decarbonylation under the harsher conditions required for furfuryl alcohol C-
O hydrogenolysis. A concerted SN2 hydride addition mechanism was proposed to occur under 
non-neutral conditions and some studies have suggested the participation of the support or 
secondary metal such as TiO2, ZrO2, CeO2, or Cr
3+
.    
 
1.6.6. Phenolics and Lignin Derivatives 
Phenolics and other derivatives of lignin can be produced from biomass pretreatment 
strategies or pyrolysis. These methods produce a wide range of molecules with various chain 
lengths and functionalities, so researchers have often relied on model compound to aid in the 
development of catalysts and upgrading processes. A comprehensive review has recently been 
published by Zakzeski et al.
6
 Hydrodeoxygenation literature has also discussed phenolics as 
common model compounds for the upgrading of coal-derived liquids and pyrolysis oils.
8-12
  
Commonly used model compounds include: phenol, guaiacol, catechol, and vanillin of 
which some are also found in pyrolysis oils.
8, 66
 These compounds include a benzene ring 
substituted with a hydroxyl, methoxy, methyl, and/or an aldehyde group(s). Upgrading these 
compounds to achieve a BTX-like product stream will likely rely upon C-O hydrogenolysis. The 
targets of hydrogenolysis will include hydroxyl groups similar to that of benzyl alcohol, a 
phenolic hydroxyl group similar to that of phenol, and an aromatic methoxy group similar to that 
of anisole. An additional objective is to achieve this deoxygenation without hydrogenation of the 
aromatic ring. Many studies have investigated the hydrodeoxygenation (HDO) of phenolic model 
compounds using conventional sulphided molybdenum hydrotreating catalysts.
79-100
 More 
recently, alternative non-sulphided catalysts have also been investigated by numerous 
researchers.
45, 49, 101-112
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Hydrotreating methods including hydrodesulphurization (HDS), hydrodenitrogenation 
(HDN), and hydrodeoxygenation (HDO), have been utilized by the petroleum industry to 
produce fuels that comply with environmental emission regulations.
8
 Conventional feedstocks 
generally have little or no oxygen relative to sulfur and nitrogen content.
8, 48
 Furthermore, there 
are not the same environmental concerns with burning oxygenated fuels as there are with burning 
N-containing and S-containing fuels. For these reasons, HDO has been less studied than HDS 
and HDN because only recently have coal derived liquids (CDLs) and pyrolysis oils (bio-oil) 
with higher oxygen content been considered as a feedstock for fuels and chemicals.
8, 48
 Two 
general classes of molecules include substituted furans and phenolics which are found commonly 
in pyrolysis oil, lignin fragmentation, and CDLs.
6, 8, 48, 84
 
A vast majority of studies on lignin reduction have involved conventional sulfided Co-
Mo or Ni-Mo supported on Al2O3.
79-100
 Two generally accepted routes for C-O hydrogenolysis of 
phenol include: direct hydrogenolysis to form benzene or hydrogenation of the aromatic ring 
followed by dehydration and hydrogenation to form cyclohexane. The S-CoMo-Al2O3 catalyst 
has been shown to favor the direct hydrogenolysis pathway whereas the S-NiMo-Al2O3 catalyst 
favors the hydrogenation pathway. This difference has been attributed to electronic effects of the 
promoters which also affects the adsorption modes of the reactants. Hydrogenation has been 
attributed to strong π-bond interactions with the aromatic ring and the direct hydrogenolysis has 
been attributed to a σ-adsorption of the oxygen group.85-86 It has been proposed that separate sites 
were responsible for hydrogenation and hydrogenolysis because hydrogenolysis was 
disproportionally affected when H2S was co-fed.
85, 95
 Further evidence was provided by the 
suggestion that the hydrogenation step would involve an electron withdrawing characteristic to 
interact with the π-bonds of the aromatic ring and an electron donating site to weaken the C-O 
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bond involved in hydrogenolysis.
113
 In the case of the HDO of anisole over hydrotreating 
catalysts, it is generally accepted that the pathway is demethylation/transalkylation to produce 
phenol or a cresol isomer which undergoes subsequent deoxygenation as discussed previously. 
The demethylation and transalkylation reaction have been shown to occur by the acidity support 
and the sulphided phase to a lesser extent.
93
 Direct demethoxylation has been proposed to occur, 
albeit at a much lower rate than demethylation and dehydroxylation.
100
       
A study by Kallury et al. used sulphided NiMo-Al2O3 catalysts for the HDO of several 
model compounds.
114
 At 350°C, the selectivity towards cyclohexane and benzene were nearly 
equal in the HDO of phenol. The aromatic group was more strongly favored at a 4:1 ratio when 
the temperature was increased. Various cresol isomers were tested and it was found that that the 
ortho and para isomers were more reactive than phenol. The meta and para isomers were more 
prone to form saturated products. Similar trends were observed by Bredenberg et al. with a 
sulphided CoMo-Al2O3 catalyst.
86
 
A study by Huuska et al. investigated the hydrogenolysis of anisole over sulphided CoMo 
and NiMo catalysts supported on Al2O3.
115
 They found similar direct hydrogenolysis selectivities 
when compared to the hydrogenation pathway; however, CS2 was co-fed and the presence of S-
species in the reaction stream have been since shown to disproportionately affect hydrogenolysis 
relative to hydrogenation. Therefore, the more effect hydrogenolysis catalysts, S-CoMo-Al2O3, 
was likely inhibited towards hydrogenolysis and performed similar to S-NiMo-Al2O3.  
A study by Petrocelli and Klein used a conventional hydrotreatment catalyst, sulfided Co-
Mo/Al2O3, in the hydrodeoxygenation reaction at 250-300°C and 67 bar H2 of several model 
compounds including: 4-methylguaiacol, 4-methylcatechol, eugenol, vanillin, and diphenyl 
molecules.
84
 The reduction of these compounds was not performed very selectively and the 
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reported yields of products accounted for less than half of the reacted product. C-O 
hydrogenolysis occurred in most instances but hydrogenation of the ring was a considerable 
secondary product in some cases. It is difficult to draw further conclusions from data with such a 
limited carbon balance.  
A recent study by Jongerius et al. investigated the reaction network of phenolic 
compounds over a sulphided CoMo-Al2O3 catalyst.
100
 They found that phenol and the cresols 
were the least reactive compounds and that direct hydrogenolysis was preferred over the 
hydrogenation pathway by approximately 10:1. They did not directly observe demethoxylation 
and concluded that demethylation and deoxygenation of the hydroxyl group were much more 
prevalent than demethoxylation. A reaction network was devised for both monomeric and 
dimeric compounds which demethylation and hydrogenolysis were the primary pathways.  
Concerns over the use of conventional hydrotreating catalysts have been discussed in 
many investigations.
49, 85, 88, 93, 95, 97, 101
 One of the primary concerns is the loss of the sulphided 
phase over the course of reaction. No study to date has definitively shown this to be an issue 
when compared to coking or other phenomenon; however, loss of sulfur has been shown in some 
cases. Several researchers have co-fed a S-species to maintain the sulphided phase; however 
competitive adsorption dramatically reduces the hydrogenolysis rates of catalysts and sulfur 
incorporation into the product stream has been observed. Therefore, there is considerable interest 
in developing alternatives to the conventional sulphided hydrotreating catalysts. Investigators 
have looked at noble metal and base metal catalysts capable of performing HDO. 
In one of the earliest studies, lignin was used directly in industrial process development 
by Harris et al. Lignin and was treated under severe processing conditions at 250°C and 200-350 
bar H2 pressures with a copper chromite catalyst.
112
 This work reported significant alcohol, 
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glycol, and substituted-cyclohexane production but chemical analysis techniques were not yet 
developed to give a speciation of the products.  
Shin et al studied the hydrogenolysis of phenol with a Ni/SiO2 catalyst.
110
 It was found 
that below 250°C, the products were mainly cyclohexanol and cyclohexanone. As temperatures 
were increased, the formation of cyclohexanone and benzene became favored. At higher 
temperatures, dehydrogenation is thermodynamically more favored than hydrogenation which 
can explain the selectivity results. Similar results were observed when cyclohexanol or 
cyclohexanone were used as a reactant. It was also found that the hydroxyl group of phenol and 
cresols strongly activated the ring which was subsequently hydrogenated. The position of the 
hydroxyl group in cresols was also shown to strongly influence the reactivity. The ortho isomer 
was the least reactive, which is likely due to strongly adsorbed biphenates on the surface. Meta 
and para-cresol were both nearly as reactive as phenol. In contrast, methyl groups increased the 
stability of the compounds and inhibited hydrogenation. These substituent effects were explained 
by electronic and steric phenomenon. Similar to studies performed with conventional sulphided 
hydrotreating catalysts, it was proposed that strong π-bond interactions facilitated ring 
hydrogenation whereas σ-bond interactions with the hydroxyl group facilitated direct 
hydrogenolysis.  
The work of Yakovlev et al. studied the C-O hydrogenolysis of the methoxy group of 
anisole using Ni and Ni-Cu catalyst supported on Al2O3, ZrO2, CeO2, SiO2, and Cr2O3.
49
 Copper 
was added to the catalyst to increase activity, and the Ni-Cu/CeO2 catalyst was found to be the 
most active catalyst which completely deoxygenated anisole. However, this formed 
stoichiometric yields of methylcyclohexane and no aromatic functionality was preserved. The Ni 
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and Ni-Cu supported on ZrO2 showed the highest C-O hydrogenolysis without hydrogenation of 
the ring with a relative ratio of aliphatic:aromatic products of 0.12 and 0.2, respectively. 
Work by the Gates group investigated the hydrodeoxygenation of anisole and guaiacol 
with Pt-Al2O3 catalysts at 300°C and near atmospheric pressures of H2.
108-109
 The support was 
observed to catalyze demethylation and the noble metal catalyzed the deoxygenation reactions. 
The deoxygenated products were typically hydrogenated species.  HY zeolites were also used to 
demonstrate that demethylation and transalkylation occurred over an acid catalyst without any 
deoxygenation. A reaction network was devised to describe the complicated reactions occurring 
over the bifunctional catalysts. 
A recent study by Crossley et al. created a novel emulsion catalyst involving fused 
single-walled nanotubes and SiO2 with Pd impregnated on the surface, preferentially 
impregnating on the SiO2.
45
 The nanohybrid system allowed for advantageous emulsion 
processing of immiscible feed streams such as those derived from pyrolysis oils. Vanillin was 
studied as a model compound to test for yield of hydrogenation and hydrogenolysis of the 
aldehyde, methoxy, and phenolic bonds. After 30 minutes of reaction at 100°C, 80% of the 
aldehyde was hydrogenated to form vanillin alcohol of which 40% continued via C-O 
hydrogenolysis to 2-methoxy-4-methylphenol. At 200°C, approximately 95% of the vanillin 
underwent C-O hydrogenolysis with the remaining 5% undergoing C-C hydrogenolysis via 
decarbonylation to form 2-methoxyphenol (i.e. guaiacol). Increasing the reaction temperature to 
250°C resulted in 95% of the vanillin undergoing decarbonylation to form 2-methoxyphenol and 
the remaining 5% undergoing C-O hydrogenolysis. This demonstrated that Pd supported on SiO2 
may be a viable catalyst for C-O hydrogenolysis in phenolic systems. A subsequent experiment 
used a similar Pd-(carbon nanotube-MgO) catalyst for the aldol condensation and hydrogenation 
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between furfural and acetone. During the hydrogenation step, minimal amounts of furfural 
hydrogenation occurred (15%) and no C-O hydrogenolysis was reported in an experiment at 
100°C in 60 minutes. This contrasts with the 30 minute vanillin reduction experiment at 100°C 
in which almost 85% of the vanillin underwent hydrogenation and 50% continued on to C-O 
hydrogenolysis. The inductive effect of the methoxy and phenol substituents or the electron 
donating capacity of the benzene ring may have made the hydroxymethyl group of vanillin more 
labile to C-O hydrogenolysis than in furfuryl alcohol. It was also worth noting that this Pd/SiO2 
system may not be able to undergo C-O hydrogenolysis of the methoxy or phenolic group before 
decarbonylation becomes a significant reaction pathway.       
A study by Zhu et al demonstrated impressive HDO results of anisole towards aromatics 
over Pt/Hbeta and Pt/SiO2 catalyst at 400°C and atmospheric pressure.
107
 The Pt/Hbeta catalyst 
was able to achieve selectivities of in over excess of 90% deoxygenated aromatic products. Both 
catalysts showed evidence of demethylation followed by hydrogenolysis. However, the 
mechanism of hydrogenolysis was somewhat different than those previously suggested. It was 
claimed that the aromatic ring was partially hydrogenated and followed by a rapid dehydration to 
form benzene or a methylated benzene product. This may have been the case; however, this 
would require a high degree of cooperation between the acid and Pt group occurring for a 
majority of the transformations unless the hydroxyl could undergo dehydration thermally. 
Considering other Pt-Al2O3 catalyst systems observe significant hydrogenation, the high 
aromatic selectivities may be explained by dehydrogenation being strongly favored at 400°C 
relative to hydrogenation. Therefore, the true mechanism of hydrogenolysis becomes somewhat 
ambiguous without further studies at different temperatures and with different reactants. An 
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interesting experiment would be to feed cyclohexane or cyclohexanol to these catalysts under 
similar conditions to observe if similar results were achieved. 
 HDO studies of lignin model compounds have shown that sulphided hydrotreating 
catalysts, noble metals, and base metals can all perform deoxygenation reactions. However, it is 
still not clear which can most effectively produce a deoxygenated product without the 
hydrogenation of the aromatic ring. Sulphided catalysts have shown promising selectivities with 
Co-promotion but several potential drawbacks have been suggested in literature and not fully 
investigated. Noble metals have been shown to perform HDO with impressive selectivities 
towards aromatics at 400°C and atmospheric pressures; however, whether such a catalyst and 
conditions can be employed practically or if such results are unique to Pt must be answered in 
subsequent studies. Base metal catalysts have been shown to perform hydrogenolysis of 
aromatics both selectively and non-selectively; however, the number of studies in this area is 
limited in screening studies. The reaction networks of base metal catalysts have not been 
investigated to the same extent as the sulphided conventional catalysts or the supported noble 
metal catalysts, especially in the absence of an acidic support. There is still considerable 
opportunity to study the fundamentals of hydrogenolysis of phenolic systems due to the high 
complexity of the reactants and catalyst systems. Further fundamental understanding of these 
catalytic processes will drive catalyst development for selective hydrodeoxygenation.      
  
1.7. Conclusions 
Fundamental differences in conventional and biorenewable feedstocks demonstrate the 
need to develop catalysts that can selectively remove the functionality of highly oxygenated 
molecules to produce direct or functional replacement fuels and chemicals. To achieve this goal, 
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C-O hydrogenolysis will likely play a role in deoxygenating substituted furan and phenolic 
molecules derived from the carbohydrate and lignin portions of biomass, respectively. 
Conventional hydrotreating catalysts potentially suffer from several drawbacks and noble metal 
catalysts may not be suitable for deoxygenating biorenewable feedstocks for concerns with high 
costs and catalyst availability. Therefore, base metal catalysts capable of performing selective C-
O hydrogenolysis will be an important area of research in the coming years. 
Catalysts capable of performing C-O hydrogenolysis without excessive hydrogenation 
are best demonstrated by copper in substituted furfural and benzaldehyde systems. It is difficult 
to directly compare these two systems because the furan ring is significantly easier to 
hydrogenate than the benzene ring and the hydroxymethyl group of benzyl alcohol is easier to 
cleave. Therefore, the furfural system is a more sensitive model compound for selective C-O 
hydrogenolysis.
8
 All three oxidation states of metal have been proposed as active sites for 
hydrogenation of furfural, whereas Cr
3+
 and metal supports have been proposed as 
hydrogenolysis species. Only in the hydrogenation of furfural involving Cu
+
 and Cu
0
 sites has 
surface characterization and quantification been used to support claims; however, the 
relationship of these species and activity is still not clear. Understanding and identifying the 
active species or chemical properties (i.e. H2 activation, acidity, etc.) responsible for 
hydrogenolysis is even less advanced. In furfural literature, indirect evidence of Na2SiO3 
promotion used to inhibit hydrogenolysis for the improvement of hydrogenation selectivities 
suggests that hydrogenolysis may be facilitated by a site other than the one which performs 
hydrogenation. However, hydrogen activating sites necessary for hydrogenations are still likely 
to be necessary in hydrogenolysis and may participate as part of a two site mechanism.  
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Copper catalysts have not been studied with much detail in the C-O hydrogenolysis of 
phenolic model compounds. Therefore, an investigation of the reaction network study is needed 
to better understand the reactions taking place, the product selectivities, and the relative 
reactivities of lignin model compounds. A reaction network can be used to lay the groundwork 
for subsequent studies that probe relationship between catalyst characteristics and catalyst 
performance. These model compounds include benzyl alcohol, anisole, and phenol but can also 
include more complicated compounds which contain multiple functional groups.  
Identifying, quantifying, and correlating these sites to activity is vital to further the 
understanding of C-O hydrogenolysis. In the cases of aromatic hydroxyl groups and methoxy 
groups, reaction studies with copper catalysts are needed to better understand the competing 
pathways involved in C-O hydrogenolysis. Understanding the catalysts in these capacities will 
play a significant role in the development of more effective C-O hydrogenolysis catalysts. These 
new catalysts are likely to become a basis for processing biorenewable feedstocks into valuable 
fuels and chemicals in the future.   
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Figure 1.1. Schematic of the general approaches to the production of biorenewable fuels and 
chemicals. 
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Figure 1.2. Reaction mechanism for the reaction of glycerol to propylene glycol in basic 
media.
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Figure 1.3. Alternative reaction mechanism for the reaction of glycerol to propylene glycol.
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Chapter 2: Research Objectives 
The overall goal of this work is to better understand catalytic C-O hydrogenolysis in the 
context of furfural and phenolic derivatives. It has been demonstrated that copper catalysts can 
perform C-O hydrogenolysis without C-C bond breaking via decarbonylation or hydrogenation 
of the furan or benzene ring. Copper catalysts will be the focus of this work because they have 
been demonstrated in furfuryl alcohol C-O hydrogenolysis. Furthermore, furfural alcohol may be 
a more sensitive model system because the furan ring is significantly easier to hydrogenate than 
the benzene ring. It should be evident from the review presented in Chapter 1 that the active 
species of copper catalysts are not well understood in the context of the C-O hydrogenolysis 
reaction. Thus, identifying the active species is vital to further understand and development of 
catalysts.  
It will be necessary to quantify these potential active species, Cu
0
 and Cu
+
, and attempt to 
correlate them to catalyst activity and selectivity. Copper chromite, CuCr2O4•CuO, is a 
conventional catalyst that has been proven to be one of the most effective catalysts in the 
reduction of furfural and furfuryl alcohol. Therefore, it is a logical candidate to study to gain a 
better understanding of C-O hydrogenolysis. Reductions of varying degree of severity can be 
used to alter the activity and presumably the concentration of Cu
0
 and Cu
+
 on the surface. It will 
also be important to compare copper chromite with copper catalysts of analogous spinel-CuO 
structures to determine the role of chromium as a structural or chemical promoter in the reaction. 
Additionally, it may be important for these materials to form delafossite structures CuCrO2, 
considering this is one of the suggested forms of the Cu
+
 species. Iron and manganese are two 
metals that can form CuFe2O4 and CuMn2O4 spinels and CuFeO2 and CuMnO2 delafossite 
structures and have been utilized before in literature but were not well characterized. These three 
48 
 
copper catalyst systems will be utilized in the C-O hydrogenolysis of 5-methyl-2-furanmethanol, 
a derivative of HMF.  
The C-O hydrogenolysis reaction can also be applied to lignin model compounds which 
have a diverse range of C-O functionalities. The most simple model compounds include benzyl 
alcohol, phenol, and anisole. The hydroxyl group of benzyl alcohol is bound to an aliphatic 
carbon but unlike glycerol, the β-carbon is unsaturated. The hydroxyl group of phenol is bound 
directly to the aromatic ring which strengthens the bond. The methoxy group of anisole is also 
directly bound to the aromatic ring with a higher bond strength than its aliphatic counterpart. 
Most C-O hydrogenolysis (i.e. hydrodeoxygenation) work has been performed with conventional 
sulphided catalysts. Investigations of noble metal and base metal catalysts are still in the 
screening phase of catalyst development and fundamental information such as reaction networks 
are not well known for many of the metal catalysts, especially in the absence of an acidic 
support. Based on arguments presented in Chapter 1, copper catalysts may an interesting 
alternative to sulphided HDO or noble metal catalysts. Therefore, an investigation is needed to 
understand the catalytic behavior of copper catalysts in the HDO of phenolic model compounds. 
The results of this study can be used as the basis for further development of HDO catalysts.    
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Chapter 3: Active Species of Copper Chromite Catalyst in C-O 
Hydrogenolysis of 5-Methylfurfuryl Alcohol 
 
A paper published in the Journal of Catalysis 2012, 285, 235-241 
Keenan L. Deutsch and Brent H. Shanks* 
 
3.1. Abstract 
The active sites of copper chromite catalyst, CuCr2O4•CuO, were investigated for the 
condensed-phase hydrogenolysis of 5-methylfurfuryl alcohol to 2,5-dimethylfuran at 220°C. The 
bulk and surface features of the catalyst were characterized by XRD, H2-TPR, N2 adsorption, CO 
chemisorption, N2O titration, NH3-TPD, XPS, and AES. Maxima of both of the potential active 
species, Cu
0
 and Cu
+
, occurred after reduction in H2 at 300°C compared to 240 and 360°C. These 
Cu
0
 and Cu
+
 maxima also coincided with the highest specific rate of reaction based on the 
surface area of the reduced catalyst. The trends of Cu
0
 and Cu
+
 observed by N2O titration and 
CO chemisorption were also observed qualitatively by AES. Correlations between activity and 
the possible active species suggested that Cu
0
 was primarily responsible for the activity of the 
catalysts.   
 
3.2. Introduction 
There a many technical and economic challenges facing the production of biorenewable 
chemicals and fuels. One of these challenges includes the high oxygen content of biorenewable 
feedstocks and the intermediates derived through catalytic or pyrolytic conversions. 
Hydrogenolysis of C-O bonds is a class of reaction that is likely to play an important role in the 
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processing of biorenewables. Furfural and 5-hydroxymethylfurfural (HMF) are intermediates 
that can be formed by the acid-catalyzed dehydration of C5 and C6 carbohydrates and in the 
pyrolysis of biomass.
1-6
 Recently, the Dumesic group has explored deoxygenation via 
hydrogenolysis of HMF to form 2,5-dimethylfuran (DMF), which has favorable fuel 
characteristics relative to ethanol.
2
   
Considerable literature exists on the hydrogenation of furfural to furfuryl alcohol in 
which 2-methylfuran is produced as a byproduct of a consecutive hydrogenolysis reaction.
6-17
 
Literature focusing on C-O hydrogenolysis of furfural and HMF is limited and encompasses 
numerous screening studies of copper containing catalysts which show copper can be used to 
perform this transformation at high yields.
2, 8, 18-23
 Copper catalysts have been shown to 
preferentially cleave C-O bonds without significant C-C cleavage or hydrogenation of the furan 
ring. The development of catalysts that can perform C-O hydrogenolysis without excessive 
hydrogen consumption may be important in the deoxygenation of renewable feedstocks 
containing significant amounts of furanic and phenolic species.
24-26
 Furthermore, many of these 
phenolic and carbohydrate derived compounds are not very volatile, such as HMF (b.p. 291°C), 
and may be more amenable to condensed-phase processing than conventional vapor-phase 
processing.  
  The active species of copper catalysts has been the center of debate for many years in the 
methanol synthesis literature.
27
 In simplified terms, part of this discussion has centered around 
the role of metallic copper as the primary active species or the potential role of a Cu
+
 species as 
an active component.
27
 Aspects of this active site discussion have also been invoked in other 
hydrogenation reactions such as the hydrogenation of furfural to furfuryl alcohol. The Vannice 
group has claimed that both Cu
0
 and a Cu
+
 species play a role in the catalytic cycle and are 
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necessary for optimal performance.
12-13
 However, little work has been performed to characterize 
and understand the sites involved in C-O hydrogenolysis of furanic and phenolic compounds that 
contain α-unsaturated bonds. 
Copper chromite, CuCr2O4•CuO, is a conventional catalyst that has been used industrially 
to convert furfural to furfuryl alcohol and it can also effectively perform C-O hydrogenolysis of 
furfural and HMF.
2, 13, 28
 The focus of this work is to examine the relationship of the Cu
0
 and Cu
+
 
surface concentrations of a copper chromite catalyst to its activity in a simplified reaction 
system. The simplified system only involves the C-O hydrogenolysis of 5-methylfurfuryl alcohol 
to 2,5-dimethylfuran in a tert-amyl alcohol solvent rather than examining the conversion all the 
way from HMF.  5-methylfurfuryl alcohol was chosen as the reactant as it is an intermediate in 
the hydrogenolysis of HMF to DMF as shown in Reaction Scheme 3.1. 
In this work, the catalyst was characterized with N2 adsorption, temperature programmed 
reduction (TPR), N2O titration for quantification of Cu
0
 sites, CO chemisorption for 
quantification of Cu
+
 sites, x-ray diffraction (XRD), ammonia temperature programmed 
desorption (NH3-TPD), and x-ray photoelectron spectroscopy (XPS) and Auger electron 
spectroscopy (AES) for the semi-quantitative determination of Cu
0
:Cu
+
. The relevance of surface 
species to the catalytic cycle can be determined by correlating the surface concentration of 
catalyst species to initial rates of reaction.    
 
3.3. Materials and Methods 
3.3.1. X-ray Diffraction 
X-ray diffraction (XRD) was performed using a Siemens D 500 diffractometer with a 
diffracted beam monochromater tuned to Cu Κ-α radiation. The catalyst samples were prepared 
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by reduction within a quartz tube placed in the heating zone of a tube furnace. They were 
reduced in 1 L/min H2 (Linweld 99.995%) using a ramp rate of 2°C/min to 240, 300, or 360°C 
and were held at the final temperature for 1 hour. Once cooled to room temperature under H2 
flow, the sample was passivated by flowing 1% O2 in N2 by diluting air with N2 (Praxair 
99.995%) at 1 L/min for 1 hour. 
3.3.2. Temperature Programmed Reduction  
Temperature programmed reduction (H2-TPR) of the copper chromite catalyst was 
performed using a Micromeretics AutoChem II 2920 equipped with a thermal conductivity 
detector (TCD).  A reducing gas of 10% H2 in Ar (Linweld certified) was used with a 5 °C/min 
ramp rate. A cold trap was used to condense water generated from the reduction and the TCD 
observed the consumption of H2.  
3.3.3. N2-Adsorption BET Method 
N2-adsorption following the BET method was performed on a Micromeretics ASAP 2020 
to determine total surface area of the untreated copper chromite catalyst and the copper chromite 
catalysts reduced ex-situ and passivated following the same reduction and passivation procedure 
discussed in 2.1.  
  3.3.4. CO Chemisorption 
Irreversible CO adsorption isotherms were used to quantify the amount of surface Cu
+
 as 
described by Rao et al.
12-13
 The isotherms were collected with a chemisorption module of the 
Micromeretics ASAP 2020 instrument. Catalysts were reduced in situ with H2 (Linweld 
99.995%) at 240, 300, and 360°C for 1 hour using a 10°C/min ramp. Samples were then cooled 
to 35°C and a total adsorption isotherm was collected using 50-500 mmHg CO (Matheson 
Purity). The sample tube was then evacuated for 30 minutes and the measurement was repeated 
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to determine the reversible adsorption isotherm. The difference between the total and reversible 
was used to determine the irreversible isotherm. The irreversible adsorption was the asymptotic 
value obtained by averaging the irreversible isotherm points between 150-500 mmHg CO. Since 
the molecular area of the Cu
+
 adsorption site is not definitively known, the metallic Cu
0
 atomic 
area of 0.068 nm
2
/atom was used to estimate the surface area of Cu
+
.   
3.3.5. N2O Titration 
The Cu
0
 surface area was determined using N2O titration in which a stoichiometry of 
2Cu
0
:1N2O corresponding to the following reaction: 2Cu
0
 + N2O(g) → Cu2O + N2(g) and an 
atomic area of 0.068 nm
2
/atom were used.
29-31
 Samples were analyzed in a CE Instruments 
TPDRO-100 fixed bed reactor connected to a Pfeiffer QMS Thermostar mass spectrometer at the 
Fritz Haber Institute in Berlin, Germany. Samples were reduced in 5% H2 in Ar using a ramp 
rate of 2 °C/min to 240, 300, and 360°C. The reactor was cooled to 50°C then it was backfilled 
with Ar. Analysis was performed at 40°C by flowing 97% N2O over the reduced catalyst and 
observing the corresponding drop in N2O concentration and increase in N2 concentration on the 
mass spectrometer. The time interval of oxidation was used to determine the amount of N2O 
consumed.     
3.3.6. X-ray Photoelectron Spectroscopy and Auger Electron Spectroscopy 
Samples were prepared by ex-situ reduction in a tube furnace using H2 (Linweld 
99.995%) following the same temperature programs described in 2.1. Samples were cooled to 
room temperature under H2 flow and purged with 1 L/min Ar for 30 minutes. The quartz tube 
was then sealed and loaded into a glove box with < 1 ppm O2 where the samples were removed 
and prepared for analysis to prevent oxidation upon exposure to air. X-ray photoelectron 
spectroscopy (XPS) and x-ray induced Auger electron spectroscopy (AES) measurements were 
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carried out on a Physical Electronics 5500 Multitechnique system with a Mg source. Samples 
were mounted on double-sided tape with a measurement area of approximately 1 mm
2
. Sample 
charging was experienced due to the presence of unreduced metal oxide. The Cu
2+
 peak was not 
observed due to the absence of the characteristic satellite peak at a binding energy (BE) of 942 
eV associated with the Cu
2+
. Therefore, the data could be corrected for charging by setting the 
overlapping Cu
+
/ Cu
0
 XPS peaks to 932.8 eV. AES was used to determine the relative ratios of 
Cu
+
 and Cu
0
 by deconvoluting and integrating the two peaks at 916.0 and 918.3 eV and taking 
the ratio of the respective areas. Data analysis was performed with CasaXPS software utilizing 
background subtraction and peak-shape fitting of standards.    
3.3.7. Ammonia Temperature Programmed Desorption 
Ammonia temperature programmed desorption (NH3-TPD) was performed with the 
Micromeretics AutoChem II 2920 by reducing the sample for one hour in 10% H2 in Ar at ramp 
rates of 2.8, 2.6, and 2.4 °C/min to final temperatures of 240, 300, and 360°C, respectively. 
Samples were cooled to 240°C and held for 30 min to allow for H2 desorption in Ar. Samples 
were then cooled to 50°C and exposed to 9.9969% NH3 in He (Matheson Tri-Gas) for 30 min. 
TPD was then performed up to a final temperature of 700°C using a ramping rate of 10°C/min.       
3.3.8. Reaction Testing 
The materials used in the reaction system included a commercial copper chromite catalyst 
(Acros Organics), H2 gas (Linweld 99.995%) and 5-methylfurfuryl alcohol (5-methyl-2-
furanmethanol Acros Organics 97%) as the reactants, and tert-amyl alcohol (Fisher Scientific 
reagent grade) as the solvent. The catalyst was crushed and sieved to 53-75μm and 106-150μm 
and both samples were used in reaction testing to ensure the absence of internal mass transfer 
effects. The absence of external mass transfer limitations of the reactants from the bulk liquid to 
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the catalyst surface and of hydrogen transfer from the gas to liquid phases were confirmed by 
performing reaction tests at varying stirring rates and various catalysts loadings. Reactions were 
performed in an Autoclave Engineers 100mL EZE batch reactor at 220°C, 500 psi H2, 500 rpm, 
and an initial concentration of 25mM 5-methylfurfuryl alcohol.  Five samples were taken at 
equal increments over 40 minutes with the first sample taken at the start of the reaction 
(T=220°C). The catalyst was reduced in-situ by placing 5-10mg of CuCr2O4•CuO in the batch 
reactor, purging the reactor with H2 to remove all oxygen, and starting a temperature ramp of 2.8, 
2.6, and 2.4 °C/min to 240, 300, and 360°C, respectively, for 1 hour under a flow of 100 mL/min 
H2 at atmospheric pressure and a 100 rpm stirring rate. 75mL of tert-amyl alcohol solvent and 
0.21g of 5-methylfurfuryl alcohol were added to a 300mL Parr batch reactor, which was 
subsequently purged by pressurizing/depressurizing several times with hydrogen to remove 
oxygen from the headspace and any dissolved in the solvent. This mixture was then pumped into 
the reactor with hydrogen. The reactor was then pressurized to 220 psi H2 and heated to 220°C at 
which point the first sample was taken and the reactor repressurized to 500 psi H2. Liquid 
samples were collected through a cooling coil immersed in an ice bath to prevent the reactant and 
product from vaporizing while sampling. Liquid samples were prepared by filtering through a 
0.2μm nylon syringe filter and analyzed using an Agilent Technologies 7890A gas 
chromatograph equipped with a HP-5MS column and an Agilent Technologies 5975C mass 
spectrometer to quantify the component concentrations. 
 
3.4. Results 
The diffractogram of the as received copper chromite catalyst can be seen in Figure 3.1. 
The characteristic diffractions of CuCr2O4 and CuO references 00-034-0424 and 00-048-1548, 
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respectively, were present.  The diffractograms of the reduced catalyst at the three reduction 
temperatures examined can be seen in Figure 3.2.  The sample reduced at 240°C showed a 
greatly diminished diffraction for CuCr2O4 at 35.25° and the formation of diffractions 
characteristic the Cu
0
 reference 00-004-0836.  The broad diffraction at 36.5° has been attributed 
to the delafossite structure CuCrO2 formed presumably from reduction of CuCr2O4 spinel.
32-35
  
The sample reduced at 300°C no longer showed diffraction peaks for CuCr2O4 and only the 
diffractions for Cu
0
 and CuCrO2 were present.  Similarly, the sample reduced at 360°C revealed 
a diffraction pattern with contributions from only Cu
0
 and CuCrO2. The peak at 36.5° 
corresponding to CuCrO2 became sharper and of a higher relative intensity than the sample 
reduced at 300°C.  
The reduction of the CuCr2O4•CuO starting material was also followed using H2-TPD up 
to 600°C, which can be seen in Figure 3.3.  The first reduction event had an onset at 145°C and 
maxima at 166°C, which was followed by two smaller reduction events at 330°C and 448°C.  
The reduction at 166°C was at least partially due to CuO reduction to Cu
0
; however, the peak 
was not well resolved and it was difficult to determine if two reduction events were convoluted. 
The reduction event at 330°C could be characteristic of bulk reduction of CuCr2O4 to CuCrO2 as 
described by Iimura et al. or a reduction of CuCrO2.
32, 36
  The reduction at 448°C could have 
been due to the complete reduction of the remaining mixed oxide structure to form Cu
0
 and 
Cr2O3.
36
  
Changing from bulk characterization to surface property characterization, physisorption 
and chemisorption data for CuCr2O4•CuO reduced at the three temperatures used in the study can 
be seen in Table 1.  The reduction of CuCr2O4•CuO increased the surface area from the original 
10.3 m
2
/g to higher values with the reduced materials, which is consistent with other literature 
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reports.
12
  The amount of surface Cu
0
 was determined using the N2O titration method as 
described in the experimental methods section.  The material reduced at 240°C gave 3.37 m
2
/g of 
Cu
0
, which accounted for approximately 20% of the catalyst surface, whereas reduction at 300°C 
nearly doubled the surface concentration of Cu
0
.  The more severe reduction at 360°C slightly 
reduced the metallic copper surface area, which was likely due to sintering of the surface 
metallic Cu.  The irreversible CO chemisorption method, used to identify Cu
+
 sites, revealed a 
similar trend as with the Cu
0
, but with larger changes.  Reduction of CuCr2O4•CuO at 300°C 
increased the Cu
+
 by a factor of 2.6 relative to the material reduced at 240°C and the highest 
temperature reduction nearly halved the amount of surface Cu
+
 sites compared with the case of 
reduction at 300°C.  From these measurements, the surface concentration of the Cu
+
 sites, which 
were assumed to irreversibly adsorb CO, were estimated to account for only about 1-3% of the 
surface area of the catalyst.  The results suggested that significantly more Cu
0
 was present on the 
surface of the reduced materials than Cu
+
. 
To examine surface acidity, NH3-TPD was performed and the results showed two distinct 
trends as shown in Table 1.  First, the total number of acid sites decreased significantly as the 
reduction temperature was increased.  In particular, a large decline in acid site number was 
observed after reduction at 360°C.  The second trend was that apparently stronger acid sites were 
present as the reduction conditions became more severe.  The desorption maxima for NH3 were 
378, 424, and 454°C after reduction at 240, 300, and 360°C, respectively.       
  XPS and AES were both used to further evaluate differences between surface and bulk 
properties observed by XRD and the chemisorptions techniques and as an independent method to 
corroborate the trends measured for Cu
0
 and Cu
+
 in the chemisorption experiments.  The XPS 
results for copper and chromium can be seen in Figures 3.4. and 3.5., respectively, and were used 
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to determine the possible oxidation states present near the surface for these species.  The Cu 2p3/2 
spectra of copper chromite reduced at any of the temperature showed that no surface Cu
2+
 
species existed after reduction due to the absence of satellite peaks associated with CuO and 
CuCr2O4 at binding energies (BE) of 943.1 and 942.2 eV, respectively.
36-38
  This feature of the 
spectra allowed for the correction of minor amounts of charging due to the oxide structure by 
shifting the remaining Cu
0
 and Cu
+
 peak to 932.8 eV.  XPS cannot be used to differentiate the 
peak at 932.8 eV between Cu
0
 and Cu
+
 species because they are separated by only 0.1 eV and 
neither would exhibit satellite peaks.  
The two peaks shown in Figure 3.5., which gives the XPS spectra for Cr, can be 
attributed to the Cr 2p3/2 and Cr 2p1/2 peaks of Cr
3+
 at 577 and 586 eV, respectively.
37, 39-40
  The 
presence of Cr
6+
, which has a BE of approximately 580 eV, was not observed.
37, 39
  This result 
was consistent with the expectations that Cr
6+
 would not be formed under reducing conditions 
and Cr
3+
 would only be present in the form of the CuCr2O4 spinel, the reduced spinel, or possibly 
a corundum structure of Cr2O3.  
AES was used to deconvolute the contributions of Cu
0
 and Cu
+
 because the KE of their 
Auger electrons are separated by approximately 2 eV.
36-37, 41
  Figure 3.6. shows the AES 
contributions of Cu
0
 and Cu
+
 at 918.3 and 916.0, respectively.  From this data it was possible to 
distinguish that the relative ratio of Cu
+
:Cu
0
 increased slightly upon increasing the reduction 
temperature from 240 to 300°C and decreased more significantly upon further increasing the 
reduction temperature from 300 to 360°C, which was consistent with the trend observed from the 
chemisorptions experiments.  These two contributions were fit using CasaXPS software to 
quantify the relative areas and the results from this quantification are given in Table 2.         
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The specific activity of the catalysts, initial rates of reaction divided by the catalyst BET 
surface area, can be seen in Table 1.  The material that showed the highest specific activity was 
the one reduced at 300°C, which was consistent with that reported by Rao et al. in hydrogenation 
of furfural.
12-13
  Only the C-O hydrogenolysis product, DMF, was observed in the reactor sample 
as the hydrogenation product, 2,5-dimethyltetrahydrofuran, was not observed by GC-MS/FID for 
the initial conversion levels of 20-30% that were used for evaluating the specific activities.  
Copper chromite catalysts have been demonstrated to typically achieve selectivities exceeding 
95% in the hydrogenolysis to DMF.  The overall carbon balances for the reaction systems were 
approximately 93% with the catalyst reduced at 240°C, whereas the 300 and 360°C catalysts 
gave mass balances of over 96%.  As shown in Table 1, differences in surface areas of the 
materials alone were not enough to explain the trend in specific activity; therefore, it was 
apparent that modifying the surface concentrations of the copper species via different reduction 
treatment altered the resulting activity of the catalyst system.  
In preliminary experiments, 1-butanol was used as the solvent but it was found to give 
considerable dehydrogenation to butyraldehyde and subsequent acetal formation was then 
observed.  As such, a tertiary alcohol, tert-amyl alcohol (2-methyl-2-butanol), was used to avoid 
dehydrogenation and the formation of activated hydrogen on the catalyst surface.  It has been 
proposed that coupling reactions can affect and enhance catalytic performance or selectivities.
20-
21, 23
  However, tertiary alcohols are more readily dehydrated than primary alcohols and some 
minor formation of 2-methyl-butene isomers were observed in the MS spectra.  Furthermore, 
small amounts of etherification products between 5-methylfurfuryl alcohol and 2-methyl-butene 
were also observed in the MS spectra, but only accounted for approximately 2-5% of the carbon 
mass balance.      
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3.5. Discussion 
The results from TPR, XRD, XPS, and chemisorption characterization can be used 
together to better understand the reduction behavior of the copper chromite catalyst.  Based on 
the XRD results, the reduction at 240°C did not completely eliminate the presence of the 
CuCr2O4 spinel species, but it did appear to be attenuated.  The CuO was readily reduced to form 
Cu
0
 since no Cu2O was observed.  Therefore, it could be concluded that the first TPR peak was a 
convoluted peak in which both the reduction of CuCr2O4 and CuO occurred.  This convoluted 
peak also showed a slow return to the overall baseline which might be consistent with the spinel 
being slowly and incompletely reduced as indicated by XRD.  The XPS results revealed that 
CuO and CuCr2O4 were completely reduced by 240°C as the surface was found to be comprised 
of only Cu
0
 and Cu
+
 copper species.  
Following reduction at 300°C, the bulk reduction of CuCr2O4 was completed as indicated 
by XRD.  The XPS and AES results showed a complete reduction of Cu
2+
 occurring by 240°C 
and the chemisorption and titration results showed increasing amounts of Cu
0
 and Cu
+
.  This 
might be explained by a surface rearrangement in which more of these species became exposed 
or a partial decomposition of CuCrO2 which would generate Cu
0
 and Cr2O3.  The latter 
explanation would seem to be most consistent with the onset of a reduction event near 300°C as 
indicated by TPR.  This reduction scheme would be generally consistent with Iimura et al.; 
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however, one point of distinction is that this study used CuCr2O4•CuO instead of just the spinel 
structure CuCr2O4.  
Reduction at 360°C significantly reduced the Cu
+
 observed by CO chemisorption and 
would be consistent with the small reduction event that was seen at 330°C with TPR.  This event 
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might have been due to partial decomposition of the CuCrO2 structure, but it did not correspond 
to complete reduction because the AES still showed the presence of some Cu
+
.  The loss of Cu
0
 
area could be explained by sintering of the copper into larger particles.  The loss of Cu
0
 and Cu
+
 
could also be explained by the partial decomposition of CuCrO2 allowing Cr2O3 to begin to 
cover more of the catalyst surface thereby blocking these species.  The very small reduction 
event at approximately 450°C could be the complete reduction of CuCrO2,which would be 
consistent with Iimura et al.
36
  
The AES peak areas reported in Table 2 shows the relative trends of Cu
+
:Cu
0
.  A higher 
ratio of Cu
+
:Cu
0 
was obtained by increasing the reduction temperature from 240°C to 300°C. 
Increasing the reduction temperature further to 360°C reduced the ratio more dramatically, such 
that the ratio of Cu
+
:Cu
0
 was lower than at either 240 or 300°C.  When this was compared with 
the results of chemisorption the same trend was observed.  However, the values of Cu
+
:Cu
0
 as 
calculated from the AES spectra were considerably higher than the ratio determined by 
chemisorption.  The relative enrichment of Cu
0
 on the surface as determined by chemisorption 
might be explained by coverage of the copper chromium oxide by a thin layer of Cu
0
.  Khasin et 
al. showed that Cu
0
 particles were bound epitaxially to the oxide of a copper chromite spinel 
following reduction at 320°C.
42
  As the information depth of AES extends beyond the first 
several monolayers to a depth of 3-10 nm, this higher level of the Cu
+
 observed from AES might 
be due to the method measuring more Cu
+
 within the underlying oxide phase.       
There was no clear correlation between the total number of acid sites or the strength of 
those acid sites and the activity as no maximum in either of the acidity parameters was observed 
at 300°C.  Additionally, there is no clear correlation between the amount of acidity and the 
quantified Cu
+
 species.  The amount of the etherification product was a minimum for the catalyst 
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reduced at 360°C, which might have been correlated to the lower amount of acid sites.  To 
completely eliminate the dehydrogenation and dehydration solvent side reactions, it would be 
necessary to find an alternative solvent, but the side reactions with tert-amyl alcohol were 
sufficiently minor as to not be expected to influence the hydrogenolysis results. 
The primary goal of this work was to identify the copper species or species responsible 
for catalytic activity in the hydrogenolysis reaction.  There are two general hypotheses that were 
explored by analyzing the experimental results.  The first hypothesis was that catalyst had only 
one active site, Cu
0
, by which H2 was activated and the reactant was adsorbed through the 
hydroxyl group and cleaved.  The other hypothesis was similar to the one proposed by Rao et al. 
that included a two site mechanism in which the Cu
0
 species activated hydrogen and the Cu
+
 
species adsorbed the carbonyl group, in this case the hydroxyl.
12-13
 These hypotheses could be 
explored by examining the relationship between the specific activity and the surface 
concentration of the Cu
0
 and Cu
+
 species. 
The correlation of measured specific activity with the surface concentration of Cu
0
 can be 
seen in Figure 3.7.  As shown there was a strong correlation between the activity and the Cu
0
 site 
density on the catalyst.  In comparison, the correlation in Figure 3.8. between specific activity 
and Cu
+
 also showed a positive but weaker correlation.  It is important to note that these two 
correlations were based on the assumption that the other site did not play a role in the catalysis 
since the Cu
0
 or Cu
+
 surface species both varied in such a way that their values were not 
completely decoupled.  The correlation in Figure 3.7. was consistent with the first hypothesis of 
only Cu
0 
being in involved as the active site.  In contrast, the correlation presented in Figure 3.8. 
was not consistent with the hypothesis of a two site mechanism.  However, it should be noted 
that approximately 10-30 times more Cu
0
 was present on the surface than active Cu
+
 species. 
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Therefore, it would be plausible that under such disproportionate conditions that the activity 
could be limited by adsorption on Cu
+
 thereby providing a strong correlation even while 
upholding a two site mechanism.  However, there should not have been such a strong Cu
0
 
correlation with activity if this had been the case.  The correlation of Cu
0
 to the activity also had 
an intercept that was close to zero, which was would be consistent with the expected limit that as 
the number of active sites approached zero, the activity would also approach zero.  This zero 
intercept was not seen for the Cu
+
 correlation comparison.  These results suggested that the Cu
0
 
site density was responsible for catalytic activity, which could be explained by either Cu
0
 as the 
sole active site, or by a two site mechanism in which the activation or activation and migration of 
hydrogen from Cu
0
 sites to a site adjacent to the hydroxyl adsorption site was the rate limiting 
step in the catalytic cycle. However, these results cannot rule out the role of Cu
+
 in a two site 
mechanism. Based on pseudo Henry’s law constants for hydrogen in 1-butanol, the possibility 
that the solubility of hydrogen in tert-amyl alcohol could be the cause of a hydrogen deficient 
catalyst did not seem to be significant.
43
    
 
3.6. Conclusions 
Copper chromite catalysts were extensively characterized and tested for catalytic activity 
in the C-O hydrogenolysis reaction of 5-methylfurfuryl alcohol to DMF.  XPS and AES 
quantifying the amount of surface Cu
0
 and Cu
+
 were used to corroborate the chemisorption 
results and showed similar trends in the relative amounts of these two species upon various 
reduction treatments. TPR, in conjunction with other characterization results, was used to 
determine that the largest reduction event occurred at 166°C, which is the convolution of CuO 
and CuCr2O4 reductions.  Subsequent reduction events could be explained by a partial reduction 
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of the proposed Cu
+
 species, CuCrO2, followed by a complete reduction at higher temperatures. 
It was also found that reduction temperature affected the specific activity of the catalyst, which 
was caused by a change in surface concentration of active species characterized as Cu
0
 and Cu
+
. 
Reduction at 300°C coincided with the highest activity and the highest concentrations of Cu
0
 and 
Cu
+
 sites.  Based on examining the relative correlations between activity and Cu
0 
and Cu
+
 site 
densities, the data suggested that Cu
0
 was primarily responsible for the activity of the catalyst; 
however, the role of Cu
+
 cannot be ruled out. Cu
0
 could be the sole active site or, in the case of a 
two site mechanism would need to be the rate limiting active site.  Further studies would be 
necessary to fully and definitively differentiate these two possibilities.   
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3.9. List of Figures 
 
 
Reaction Scheme 3.1. Catalytic conversion of 5-methylfurfuryl alcohol to 2,5-dimethylfuran 
(DMF).  
 
H2
Cu-Catalyst
+    H2O
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Figure 3.1. Diffractogram of as received copper chromite catalyst CuCr2O4•CuO, Cu:Cr=1. 
68 
 
 
Figure 3.2. Diffractogram of copper chromite catalyst reduced at: (a) 240°C, (b) 300°C, (c) 
360°C. Passivated in 1% O2 at room temperature prior to analysis. 
 
69 
 
 
Figure 3.3. H2-TPR of copper chromite catalyst reduced with 10% H2 in Ar at 5 °C/min 
observed by TCD.   
 
 
Figure 3.4. XPS spectra of Cu 2p3/2 of copper chromite catalyst reduced at various temperatures. 
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Figure 3.5. XPS spectra of Cr 2p3/2 and 2p1/2 of copper chromite catalyst reduced at various 
temperatures.  
 
 
Figure 3.6. AES spectra of Cu LMM of copper chromite reduced at various temperatures. 
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Figure 3.7. Correlation between specific activity and surface concentration of Cu
0
. 
 
 
Figure 3.8. Correlation between specific activity and surface concentration of Cu
+
. 
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3.10. List of Tables 
Table 3.1. Summary of characterization and reaction data for copper chromite reduced at 240, 
300, and 360°C.  
 
 
 
Table 3.2. Peak area of Cu
0
 and Cu
+
 in AES and comparing the relative Cu
+
:Cu
0
 of AES and 
chemisorption results. 
 
 
 
 
 
 
 
 
Reduction T 
(°C)
BET 
(m
2
/g)
a
Cu
0                                       
(m
2 
/m
2
 BET)
b
Cu
+                    
(m
2
/ BET m
2
)
c
NH3 TPD 
(mmol/g)
NH3-TPD T 
(°C)
Reaction Rate 
(μmol/m2/min)d
240 16.2 0.208 0.0119 ± 0.0017 0.300 ± 0.015 378 ± 3 52.7 ± 13.3
300 13.7 0.386 0.0311 ± 0.0044 0.232 ± 0.017 424 ± 2 108.4 ± 11.5
360 15.4 0.311 0.0159 ± 0.0021 0.057 ± 0.006 454 ± 4 87.8 ± 6.4
a
 Total surface area deteremined by N2 BET method
b
 Cu
0
 determined by N2O titration
c
 Cu
+
 determined by CO chemisorption
d
 Reaction rate determined by rate of production of 2,5-dimethylfuran + 2,5-dimethyltetrahydrofuran
Treduced 
(°C)
AES Cu
+ 
(peak area)
AES Cu
0 
(peak area)
AES      
Cu
+
:Cu
0                          
Chemi 
Cu
+
:Cu
0                     
240 16854 20340 0.83 0.059
300 16031 15363 1.04 0.079
360 13560 21057 0.64 0.052
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Chapter 4: Copper Mixed Metal Oxide Catalysts in the Hydrogenolysis of 5-
Methylfurfuryl Alcohol 
 
Keenan L. Deutsch and Brent H. Shanks* 
 
4.1. Abstract 
The hydrogenolysis of 5-methylfurfuryl alcohol to 2,5-dimethylfuran was investigated over 
CuCrO2·CuO, CuFe2O4·CuO, and CuMn2O4·CuO catalysts. Catalysts were characterized with 
SEM, EDS, physisorption, H2-TPR, N2O titration, XRD, XPS, and AES. The Cu
0
 surface area of 
the catalysts varied from 0.3-20.4 m
2
/g. CuCrO2·CuO demonstrated the highest activity relative 
to Cu
0
 than any of the synthesized catalysts and the same activity as a conventional copper 
chromite catalyst. The Cu-Fe catalysts showed lower activities with a coinciding lower 
selectivities when compared to the Cu-Cr catalysts. This behavior of the Cu-Fe catalyst may 
have been caused by the presence of Fe
0
. The CuMn2O4·CuO catalysts showed a similar 
selectivity to the Cu-Cr catalysts but showed a dramatically lower activity than either the Cu-Cr 
or Cu-Fe catalysts with respect to Cu
0
 surface area. While the CuCrO2·CuO, CuCr2O4·CuO, and 
most active CuFe2O4·CuO catalyst all exhibited very comparable activity relative to Cu
0
 surface 
concentrations, the other catalysts became markedly less active possibly due to over-abundance 
Cu
0
, different adsorption properties of metal oxide phases, or potential metal-metal oxide 
interactions.     
 
4.2. Introduction 
 One of the primary challenges associated with upgrading biorenewable feedstocks is the 
deoxygenation to compounds compatible with conventional chemicals and fuels. Hydrogenolysis 
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of C-O bonds (i.e. hydrodeoxygenation) is a versatile and important chemistry available to 
deoxygenate biorenewable feedstocks because it is applicable to alcohols which are one of the 
most abundant function groups. Under conditions for hydrogenolysis, it is also possible to reduce 
other functional groups such as aldehydes, ketones, esters, and carboxylic acids to alcohols 
which can undergo subsequent C-O hydrogenolysis. An important aspect of hydrodeoxygenation 
is minimizing hydrogen consumption due to over reduction of a feedstock.
1-2
 Multi-functional 
compounds are ubiquitous in biorenewable feedstocks and development of catalysts that can 
selectively perform reactions is critical.  
 The hydrodeoxygenation of furfural and 5-hydroxymethylfurfural (HMF) are ideal model 
systems to study selectivity in terms of C-O hydrogenolysis of hydroxyl groups relative to the 
hydrogenation of the furan ring. Furfural, HMF, and their derivatives have attracted attention as 
potential biorenewable platform chemicals and are also common components of pyrolysis oils.
3-
11
 Hydrogenolysis of furfural derivatives has been the subject of screening studies and more 
fundamental investigations in recent years.
4, 12-24
 Copper catalysts have been demonstrated as one 
of the most effective materials for this selective C-O hydrogenolysis by minimizing 
hydrogenation of the furan ring. Pd, Ni, and Ni-Fe alloys have also been shown to perform C-O 
hydrogenolysis but these metals have a greater tendency than Cu catalysts towards 
hydrogenation of the ring, decarbonylation of aldehydes, and C-O cleavage resulting in ring 
opening.
20, 22
 A model hydrogenolysis reaction involving the conversion of 5-methylfurfuryl 
alcohol to 2,5-dimethyl furan was the subject of this investigation.  
 The active species of copper catalysts for the hydrogenation and hydrogenolysis of 
furfural derivatives has been investigated for supported and mixed metal oxide catalysts but 
uncertainty remains after a limited number of studies in these complex catalytic system.
23-27
 In 
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the hydrogenation of furfural, it was suggested that a Cu
+
 species, in addition to Cu
0
, was 
required for optimal activity.
25, 27
 In the hydrogenolysis of 5-methylfurfuryl alcohol with copper 
chromite, CuCr2O4·CuO, it was found that activity was strongly correlated with Cu
0
; however, a 
positive but weaker correlation was also observed with Cu
+
 so its role could not be ruled out.
23
 
To further investigate the relationship of Cu
0
 to hydrogenolysis activity, different catalytic 
materials with varying Cu
0
 surface areas and surface coverages were tested for hydrogenolysis 
activity. A tradeoff of using several copper mixed metal oxides was that the various oxide 
components of the activated catalysts could interact differently with the metallic copper and 
reactants. 
 Three types of mixed metal oxide catalysts, CuCrO2·CuO, CuFe2O4·CuO, and 
CuMn2O4·CuO, were synthesized by co-precipitation. Cu-Fe and Cu-Mn oxide catalysts have 
been demonstrated as materials that are active for hydrogenolysis.
18-19, 28
 CuCrO2·CuO was 
synthesized to compare with the conventional catalyst CuCr2O4·CuO catalyst because they have 
significantly different surface areas. Futhermore, selectively reducing CuCrO2·CuO would form 
Cu
0
 and CuCrO2, the two proposed active species of the CuCr2O4·CuO catalyst, whereas 
reducing CuCr2O4·CuO would form Cu
0
, CuCrO2, and amorphous Cr2O3. Therefore, it will also 
be possible to determine if amorphous Cr2O3 influenced the hydrogenolysis of 5-methylfufuryl 
alcohol.    
These catalysts were characterized with scanning electron microscopy (SEM), energy 
dispersive x-ray spectroscopy (EDS), N2 and Kr BET physisorption, N2O titration, temperature 
programmed reduction (H2-TPR), x-ray diffraction (XRD), x-ray photoelectron spectroscopy 
(XPS), and Auger electron spectroscopy (AES). Hydrogenolysis activity was evaluated in 
condensed-phase batch reactions and metal leaching was measured of the reaction effluent with 
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inductively coupled plasma mass spectrometry (ICP-MS). The activities of the catalysts were 
related to Cu
0
 areas and surface coverages to investigate these relationships.    
 
4.3. Materials and Methods 
4.3.1. Catalyst Synthesis 
 The Cu-Cr, Cu-Fe, and Cu-Mn oxide catalysts were synthesized by the constant pH co-
precipitation of metal nitrates Cu(NO3)2·2.5H2O (Fisher Scientific Certified ACS), 
Cr(NO3)3·9H2O (Acros Organics 99%), Fe(NO3)3·9H2O (Acros Organics Reagent ACS), and 
Mn(NO3)2·4H2O (Acros Organics) with NaOH (Fisher Scientific Certified ACS) or NaHCO3 
(Fisher Scientific Certified ACS). All co-precipitations started with 500mL of H2O and were 
stirred vigorously throughout the synthesis and aging steps. The precipitates were filtered, rinsed 
three times with 1L of H2O, dried overnight at 110°C, and calcined in air at temperatures 
necessary to form the desired mixed metal oxide phase. 
The Cu-Cr catalyst precursor was co-precipitated from two solutions of 0.5M total 
nitrates  (Cu:Cr=2) and 0.5M NaOH at 25°C, pH 8, followed by 1 hour of ageing and calcined in 
air at 900°C for 12 hours following a 5°C/min ramp. Two Cu-Fe catalyst precursors (Cu:Fe=0.75 
& 1.05) were co-precipitated from 0.5M nitrate solutions with 0.5M NaOH at 65°C, pH 10, 
followed by 3 hours of ageing and calcined in air at 700°C for 12 hours following a 5°C/min 
ramp. Two Cu-Mn catalyst precursors (Cu:Mn=1.0 & 1.25) were co-precipitated from a 0.5M 
nitrate solution added a solution with excess undissolved NaHCO3 in solution at 60°C, pH 8, 
followed by 3 hours of ageing and calcined in air at 500°C for 12 hours following a 2°C/min 
ramp.      
4.3.2. Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy 
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 SEM and EDS were performed on a Hitachi S-2460N variable pressure scanning electron 
microscope with an Oxford Instruments Isis x-ray analyzer. Samples were examined at 20 kV 
with a beam current of 0.5 nA to produce a count rate of approximately 3000 cps.  
4.3.3. X-ray Diffraction 
X-ray diffraction (XRD) was performed using a Siemens D 500 diffractometer with a 
diffracted beam monochromater tuned to Cu Κ-α radiation. The catalysts were analyzed before 
and after the reduction/passivation treatment to determine crystalline phases present. The 
reductions and passivations were carried out in tube furnace flowing 1 L/min H2 (Linweld 
UHP/Zero) using a ramp rate of 2°C/min to 240, 180, and 180°C with a dwell of 1 hour for the 
CuCrO2·CuO, CuFe2O4·CuO, and CuMn2O4·CuO catalysts respectively. Once cooled to room 
temperature under H2 flow, the sample was passivated by flowing 1% O2 in N2 by diluting air 
with N2 (Linweld UHP/Zero) at 1 L/min for 1 hour. 
4.3.4. Temperature Programmed Reduction  
Temperature programmed reduction (H2-TPR) of the catalysts were performed using a 
Micromeritics AutoChem II 2920 equipped with a thermal conductivity detector (TCD).  A 
reducing gas of 10% H2 in Ar (Linweld certified) was used with a 5 °C/min ramp rate. A cold 
trap was used to condense water generated from the reduction and the TCD observed the 
consumption of H2.  
4.3.5. N2/Kr-Physisorption BET Method 
N2 and Kr adsorption following the BET method were performed on a Micromeretics 
ASAP 2020 to determine total surface area of the synthesized copper catalysts and the catalysts 
reduced ex-situ and passivated. The catalyst reduction and passivation methods were the same as 
those discussed in section 2.3. 
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4.3.6. N2O Titration 
The Cu
0
 surface area was determined using N2O titration in which a stoichiometry of 
2Cu
0
:1N2O corresponding to the following reaction: 2Cu
0
 + N2O(g) → Cu2O + N2(g) and an 
atomic area of 0.068 nm
2
/atom.
29-30
 The N2O titration was performed with a Micromeritics 
AutoChem II 2920 equipped with a TCD. The CuCrO2·CuO, CuFe2O4·CuO, and CuMn2O4·CuO 
catalysts were reduced with 10% H2 in Ar (Linweld certified) at 240, 180, and 180°C 
respectively for 1 hour following a 2°C/min ramp. The samples were allowed to cool to 25°C 
and the carrier gas was changed to He (Linweld UHP/Zero) and ten pulses of N2O (Linweld 
99.6%) were passed through the sample and observed the formation of N2 in He with a TCD. 
The unreacted N2O was condensed in a trap with liquid N2.        
4.3.7. X-ray Photoelectron Spectroscopy and Auger Electron Spectroscopy 
Samples were prepared by ex-situ reduction in a tube furnace using H2 (Linweld 
UHP/Zero following the same reduction methodology described in 2.3. Samples were cooled to 
room temperature under H2 flow and purged with 1 L/min N2 (Linweld UHP/Zero) for 30 
minutes. The quartz tube was then sealed and loaded into a glove box with < 0.1 ppm O2 and 
H2O where the samples were removed and prepared for analysis to prevent oxidation. X-ray 
photoelectron spectroscopy (XPS) and x-ray induced Auger electron spectroscopy (AES) 
measurements were carried out on a Physical Electronics 5500 Multitechnique system with a Mg 
source. Samples were mounted on double-sided tape with a measurement area of approximately 
1 mm
2
. Sample charging was experienced due to the presence of unreduced metal oxide. The 
Cu
2+
 peak was not observed due to the absence of the characteristic satellite peak at a binding 
energy (BE) of 943 eV associated with the Cu
2+
. Therefore, the data was corrected for charging 
by setting the overlapping Cu
+
/ Cu
0
 Cu 2p3/2 peaks to 932.8 eV.  
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4.3.8. Reaction Testing 
The catalysts were crushed and sieved to 53-75μm and 106-150μm and both fractions 
were used in reaction testing to ensure the absence of internal mass transfer effects. The absence 
of external mass transfer limitations of the reactants from the bulk liquid to the catalyst surface 
and of hydrogen transfer from the gas to liquid phases were confirmed by performing reaction 
tests at varying stirring rates and various catalysts loadings. Reactions were performed in an 
Autoclave Engineers 100mL batch reactor at 180°C, 500 psi H2 (Linweld UHP/Zero), 500 rpm, 
and an initial concentration of 100mM 5-methylfurfuryl alcohol (Acros Organics 97%) in 
toluene (Fisher Scientific ACS certified).  Five samples were taken at equal increments over 8 
hours with the first sample taken at the start of the reaction (T=180°C).  
The catalyst was reduced in-situ by placing 20-200mg in the batch reactor and purging 
the reactor with H2 to remove oxygen. The reduction sequence involved a 2.0 °C/min ramp to the 
corresponding reduction temperature for the catalyst, 1 hour dwell at that temperature, at 100 
mL/min H2 at atmospheric pressure and a 100 rpm stirring rate. After cooling to room 
temperature, 75mL of the 100mM reaction solution was pumped into the reactor by a pressurized 
feed tank which was previously purged of air. Liquid samples were collected through a cooling 
coil immersed in an ice bath to prevent the reactant and product from vaporizing while sampling. 
Liquid samples were analyzed using an Agilent Technologies 7890A gas chromatograph 
equipped with a mass spectrometer and a flame ionization detector (FID) used to quantify the 
components of the samples. The reaction effluents were analyzed for metal content due to 
leaching by ICP-MS. 
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4.4. Results and Discussion 
The catalyst precursors were analyzed with SEM and EDS prior to calcination to estimate 
the Cu:M (M=Cr, Fe, Mn), check for residual Na, and observe the metal distribution with EDS 
mapping. The approximate ratio of Cu:M can be seen in Table 4.1. The compositions of the 
catalyst precursors measured by EDS were similar to the nitrate solution compositions for the 
Cu-Cr and Cu-Fe synthesis whereas the Cu-Mn precursors were Cu deficient with Cu:Mn of 
approximately 75% of the nitrate solutions.  
It was confirmed that the rinsing step of the precursors was sufficient to remove residual 
Na from the precipitate. It was observed with EDS mapping that the metals were evenly 
dispersed in a homogenous phase for the Cu-Cr and Cu-Fe precipitates. The Cu-Mn precipitate 
showed two distinctive phases (see supplemental info): a Mn-enriched phase of agglomerated 
particles of ~1 μm and a Cu-enriched phase of spheres of 5-10 μm. These phases were attributed 
to a copper substituted rhodochrosite phase of the form CuxMn1-xCO3 and a Mn substituted 
malachite phase of the form MnxCu2-xCO3(OH)2.
31
 These carbonate phases were found to be 
important to the formation of a polycrystalline spinel·CuO catalyst. When the Cu-Mn nitrates 
were co-precipitated using NaOH or NH4OH, only a single well-dispersed Cu-Mn phase was 
observed by SEM/EDS. Subsequent calcination at 500°C in air of the homogeneous Cu-Mn 
phase formed a single crystalline phase, Cu1.5Mn1.5O4, characterized by XRD and H2-TPR 
showing a single reduction peak. The formation of the Cu1.5Mn1.5O4 spinel was due to the redox 
reaction: Cu
2+
+Mn
3+↔Cu1++Mn4+.31-32   
 The crystalline phases of the calcined and subsequently reduced catalysts were 
determined by XRD and can be seen in Figures 4.1-3. The diffractions of the calcined Cu-Cr 
precursor clearly indicated the presence of CuCrO2 and CuO. After a reduction treatment at 
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240°C, the CuO diffractions disappeared and the diffractions characteristic of Cu
0
 are observed. 
The CuCrO2 diffractions remained unchanged from the reduction treatment. The calcined Cu-Fe 
catalysts showed crystalline contributions from CuFe2O4 and CuO for both catalyst formulations 
Cu:Fe=0.75 & 1.05. The reduction of CuFe2O4·CuO at 180°C resulted in the disappearance of 
both starting crystalline phases and the formation of Cu
0
 and an iron magnetite spinel, Fe3O4. 
Reduction temperatures above 180°C resulted in the reduction of the Fe3O4 to Fe
0
. The Cu-Mn 
diffractograms showed the presence of CuO, Cu1.5Mn1.5O4, and CuMn2O4; however, the latter 
two contributions were convoluted and poorly resolved. Similarly, the reduction of the Cu-Mn 
catalysts resulted in the disappearance of the starting crystalline phases and the formation of Cu
0
 
and a MnO phase that was attributed to the broad diffractions at 2θ of 35, 42, and 59°. Literature 
has reported that the reduced form of Cu-Mn spinel catalysts involved Cu
0
 dispersed on MnO.
18, 
31, 33-35 
 The reduction characteristics of the catalysts measured by H2-TPR were used in 
combination with XRD to further study the crystalline phases of the material, estimate Cu:M of 
the catalysts, and determine a suitable catalyst activation treatment and reaction temperature. The 
reduction profiles of each catalyst can be seen in Figures 4.4-6.  
The reduction of CuCrO2·CuO showed two distinct reduction events, one low 
temperature event which corresponded to the reduction of CuO to Cu
0
 and one high temperature 
event which corresponded to the reduction of CuCrO2 to Cu
0
 and Cr2O3. The reduction of 
CuFe2O4·CuO also displayed two reduction events.The first event was attributed to a 
convolution of the reductions of CuO and CuFe2O4. The CuFe2O4 phase reduced to Cu
0
 and 
Fe3O4. The broader high temperature event was attributed to the reduction of Fe3O4 to Fe
0
. 
Similar reduction behavior has been reported in literature.
36
 The CuMn2O4·CuO catalyst 
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displayed three reductions which were attributed to the reductions of Cu1.5Mn1.5O4 at 150°C, 
CuO at 190°C, and CuMn2O4 at approximately 275°C. The Cu1.5Mn1.5O4 and CuMn2O4 were 
reduced to Cu
0
 and MnO.  
Based on the Cu-Mn H2-TPRs it was expected that the CuMn2O4 would remain 
unreduced following the 180°C reduction treatment prior to other characterization methods and 
reaction. It is important to consider that the H2-TPRs were performed with 10% H2 in Ar and at a 
ramp rate of 5°C/min whereas reduction/passivation and in-situ reduction prior to reaction were 
performed with 100% H2 and a ramp rate of 2°C/min. Therefore, the lower H2 partial pressure 
and the higher ramp rate may have shifted the reduction events to a higher apparent temperature 
observed by the H2-TPR experiments.   
 The total surface area and Cu
0
 surface area of the catalysts were measured with BET 
physisorption and N2O titration are reported in Table 4.2. The total surface areas of the catalysts 
were measured before and after a reduction and passivation treatment. The surface areas of 
CuCrO2·CuO and the CuMn2O4·CuO catalysts remained relatively unchanged upon reduction. In 
contrast, the CuFe2O4·CuO catalysts changed significantly after the reduction process by an 
increase of total surface area. The surface area of the Cu:Fe=0.75 catalyst increased nearly an 
order of magnitude and the Cu:Fe=1.05 increased by a factor of 3. The reduction of the CuFe2O4 
spinel has been reported to produce copper particles decorating the surface of a Fe3O4.
36
 This 
transformation upon reduction may have been responsible for the restructuring of the catalyst 
and increases in surface area. The Cu
0
 surface areas of the catalysts differed by nearly two orders 
of magnitude. The different formulations of the Cu-Fe and Cu-Mn catalysts had nearly the same 
copper surface area despite the differences in Cu:M. The percent of Cu
0
 coverage of the 
materials also varied from approximately 15-85% with the various catalysts.   
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 The metal oxidation states of the reduced catalysts were investigated with XPS and AES 
as shown in Figures 4.7-9. The Cu 2p3/2 of the reduced CuCrO2·CuO showed the absence of a 
Cu
2+
 satellite at 943 eV and the presence of a single of peak near 933 eV which could be 
attributed to Cu
0
 and/or Cu
+
. The Cr 2p1/2 and 2p3/2 are consistent with Cr
3+
.  The Auger peaks at 
approximately 916 and 918 eV were contributions from Cu
+
 and Cu
0
 respectively. As expected, 
both oxidation states were present due to the formation of Cu
0
 upon reduction of CuO and the 
presence of the unreduced CuCrO2.  
 The Cu 2p3/2 of the reduced Cu-Fe catalysts displayed a similar result as the Cu-Cr 
catalyst by the absence of the Cu
2+
 satellite and the presence of Cu
0
 and/or Cu
+
. The Cu:Fe=0.75 
spectra had an overall lower intensity than the Cu:Fe=1.05 spectra which resulted in noisier 
baseline features from the scaling of the spectra. The Fe 2p binding energies are consistent with 
Fe3O4 and there is a small feature at approximately 707 eV that may be due to Fe
0
. The 
observance of Fe
0
 would not be unexpected because bulk Fe
0
 was observed by XRD after 
reduction and passivation of the CuFe2O4·CuO catalysts at 200°C. Therefore, Fe
0
 may have been 
formed near the surface after reduction at 180°C. The Cu LMM of the reduced CuFe2O4·CuO 
catalyst showed a strong Cu
0
 signal similar to a reduced CuO sample used as a Cu
0
 reference. 
Based on AES and XRD, there was no clear indication of a Cu
+
 species present for the activated 
CuFe catalysts and only a magnetite oxidic phase.       
 The Cu 2p3/2 of the reduced Cu-Mn catalysts showed no presence of Cu
2+
 from either 
CuO or the spinel(s). The single peak of the Cu 2p corresponded to a convoluted peak of Cu
0
 
and/or Cu
+
. The binding energies of the Mn 2p3/2 for both Cu-Mn formulations were 641.8 eV 
which was attributed to Mn
2+
.
31
 Unexpectedly, the Cu LMM of the reduced Cu-Mn catalysts 
showed a significant Cu
+
 peak in addition to a Cu
0
 peak based on the high Cu
0
 coverage 
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measured by N2O titration. This Cu
+
 was significantly diminished upon etching which may 
suggest that it was present as a surface layer. An experimental control involving the handling of 
a Cu
0
 reference material during glovebox sample preparations was used ensure that oxidation 
was not occurring during these processes and replicates of this procedure were performed to 
verify the results. A similar observation was made by Porta et al. in which a CuMn2O4 (Cu
2+
 and 
Mn
3+
) spinel exhibited a comparable Cu
+
 signal after reduction at 200°C in atmospheric H2.
31
 
They attributed this behavior to the Cu-Mn oxide being less reducible but it was not clear which 
Cu
+
 species was present. The same work reported that CuMnO2 was present in the calcined 
catalysts but the fate of the CuMnO2 phase was not discussed after reduction. A point of 
distinction was that the less reducible spinel, CuMn2O4, was formed after the calcination of the 
precipitates in N2 instead of air. When their precursors were calcined in air, the Cu1.5Mn1.5O4 
spinel was primarily formed which only exhibited a Cu
0
 signal upon reduction. A CuMnO2 phase 
was not observed in Figure 4.3.; therefore, uncertainty remained regarding the presence, origin, 
and species involved with the Cu
+
 detected by AES but not by XRD.   
 The results of the condensed-phased hydrogenolysis of 5-methylfurfuryl alcohol reaction 
are shown in Table 4.3. An additional catalyst, CuCr2O4·CuO, was used in the reaction testing 
and its characterization has been reported in literature.
23
 The Cu
0
 surface area of the 
CuCr2O4·CuO catalyst was measured in this investigation using the methodology describe earlier 
to account for any differences between the methods. The relative selectivity between C-O 
hydrogenolysis (DMF) and hydrogenolysis accompanied by hydrogenation (2,5-
dimethyltetrahydrofuran, dmTHF) was used because slight variations of the reactant 
concentration caused large changes to the overall selectivity at low conversion. Likewise, the 
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initial rates of reaction are reported as rates of appearance of the two observed and quantified 
products, DMF and dmTHF. 
The relative selectivity of CuCr2O4·CuO was 100% because no dmTHF was detected at 
the range of conversions between 10-25%. The CuCrO2·CuO and CuMn2O4·CuO catalysts 
exhibited nearly the same selectivity, but slightly lower than that of CuCr2O4·CuO. The two Cu-
Mn formulations had nearly the same selectivity. The CuFe2O4·CuO catalysts achieved a lower 
selectivity than the other copper catalysts which may be due to the presence of Fe
0
 which is 
known to be an effective base-metal hydrogenation catalyst. The activity of the copper catalysts, 
on a weight basis, varied by nearly a factor of twenty in the hydrogenolysis of 5-methylfurfuryl 
alcohol. The CuCr2O4·CuO and the CuFe2O4·CuO (Cu:Fe=0.75) were the two most active 
catalysts and CuCrO2·CuO was the least active catalyst by this metric. However, a more intrinsic 
activity of the catalyst can be determined by accounting for the differences in total surface areas 
and Cu
0
 surface areas reported in Table 4.2. The two catalysts with the largest weight-based 
activity disparity, CuCrO2·CuO and CuCr2O4·CuO, have nearly identical activities on the basis of 
Cu
0
 surface area. This result is consistent with previous work involving CuCr2O4·CuO at 
different reaction conditions.
23
 This provides further evidence that the hydrogenolysis activity of 
this material is proportional to the Cu
0
 for materials with Cu
0
 surface coverages between 
approximately 15-40%. This result also demonstrated that Cr2O3 was likely to have had a 
minimal influence on the hydrogenolysis activity of the Cu-Cr catalysts.  
The hydrogenolysis activity per Cu
0
 surface area of the CuFe2O4·CuO, Cu:Fe=0.75, 
catalyst was slightly lower than the Cu-Cr catalysts, but still within a standard deviation of Cu-Cr 
catalysts. The Cu:Fe=1.05 catalyst had a lower activity per Cu
0
 area than the Cu:Fe=0.75 catalyst 
and the Cu-Cr catalysts. The Cu:Fe=1.05 also had a lower activity than the Cu:Fe=0.75 on both a 
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weight basis and a total surface area basis. The reason for this activity difference between the 
two CuFe2O4·CuO catalysts is not immediately apparent from the characterization results. An 
interesting coincidence was that as the activity of the CuFe2O4CuO catalysts further decreased, 
so did the selectivity.  This loss of selectivity was the result of the formation of more 
hydrogenation product, dmTHF. Therefore, the presence of a hydrogenation species may 
responsible for the lower selectivity towards DMF (i.e. more effective hydrogenation species) 
and overall activity. Iron is well known as an effective hydrogenation catalyst in ammonia 
synthesis and the presence of an iron species, such as Fe
0
, may explain the activity and 
selectivity differences of the CuFe2O4·CuO catalysts. As discussed early, the Fe0 species was 
potentially observed by XPS near the threshold of detection and XRD results demonstrated that 
the bulk Fe3O4 reduced near 200C. Further investigation will be necessary to quantify the 
differences between the two CuFe2O4·CuO catalysts to better understand these differences.   
The CuMn2O4·CuO catalysts were poorly active with respect to total surface area and Cu
0
 
surface area. The two CuMn2O4·CuO catalysts had very similar activities and selectivities which 
were consistent with the characterization results. The Cu-Mn catalysts demonstrated selectivities 
comparable to those of the Cu-Cr catalysts but with significantly lower activities. It is not clear 
from the characterization results why the Cu-Mn catalysts are nearly 20-30 times less active per 
surface area of Cu
0
 than the Cu-Cr and Cu-Fe catalysts. There are several possible explanations 
of this lower activity per Cu
0
 area. One possibility was an over-abundance of Cu
0
 on the surface 
of the reduced CuMn2O4·CuO catalysts. A two-site hydrogenolysis mechanism would involve 
the role of Cu
0
 to to dissociate H2 and the metal oxide to adsorb the hydroxyl undergoing 
hydrogenolysis (e.g. Cu
+
 species proposed in Cu-Cr catalysts). In such a situation, the catalyst 
could be rate-limited due to either the role of Cu
0
 or Cu
+
 depending on the coverage regime. Rao 
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et al. observed in furfural hydrogenation that a purely Cu
0
 was less active than a catalyst with 
Cu
0
 in the presence of a Cu
+
 species (i.e. metal oxide) and that an optimal ratio existed for Cu-Cr 
and Cu/C catalysts.
25, 27
 The CuMn2O4·CuO catalyst have significantly higher Cu
0
 coverages 
(~80%) determined by N2O titration and N2-physisorption compared to the Cu-Cr catalysts tested 
(~15-20%). Another possibility within the context of a two-site mechanism would be that the 
different oxides activate the hydroxyl group with different affinities and thereby influence the 
total activity of the catalyst. The low activity relative to Cu
0
 at high Cu
0
 coverages could be 
consistent with a two-site hydrogenolysis mechanism; however, further evidence would be 
needed to rule out other potential effects introduced in the Cu-Mn system.   
Another possible explanation was the effect of a strong metal-support interaction (SMSI) 
between Cu
0
 and MnO. Porta et al. found that the Cu
0
 was spread over a MnO surface which 
suggested an interfacial interaction.
31
 In other MnO-containing catalyst systems, such as Fischer-
Tropsch catalysts, MnO has been observed to electronically influence metals which affects the 
activity and selectivity towards various products.
37-38
 Therefore, the lower activity of the 
CuMn2O4·CuO catalysts (i.e. Cu
0
/MnO) may have been caused by an inhibitory electronic effect 
of the MnO on the Cu
0
. 
Catalyst leaching was measured by ICP-MS of the reaction effluent. The only metal to be 
observed in concentrations greater than 0.2 ppm was Cu. The highest Cu effluent concentration 
was 1.3 ppm from the Cu:Mn=1.0 catalyst whereas the effluent from the Cu:Mn=1.25 had less 
than 0.01 ppm Cu. The Cu:Fe=0.75 which had a high activity per weight and total surface area 
leached approximately 0.42 ppm Cu. There was no correlation between the amount of Cu 
leached and a higher or lower activity of the catalysts. 
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4.5. Conclusions 
The hydrogenolysis of 5-methylfurfuryl alcohol to DMF was investigated over three 
catalyst types, CuCrO2·CuO, CuFe2O4·CuO, and CuMn2O4·CuO, to study the relationship 
between Cu
0
 and C-O hydrogenolysis. The three catalyst types had significantly different total 
surface areas and Cu
0
 surface areas. The Cu:M was varied to produce two formulations of the 
Cu-Fe and Cu-Mn catalysts but there were minimal differences with regard to surface areas and 
other characterization results. The CuCrO2·CuO catalyst was found to have the same activity as 
the conventional CuCr2O4·CuO catalyst with respect to Cu
0
 surface area. The Cu:Fe=0.75 
catalyst demonstrated a hydrogenolysis activity similar to that of the Cu-Cr catalysts with respect 
to Cu
0
 surface area whereas the Cu:Fe=1.05 catalyst was less active by nearly a factor of two. 
The lower activities of the Cu-Fe catalyst coincided with a lower selectivity towards the DMF 
product. The presence of Fe
0
 may be responsible for the lower selectivity and the coinciding 
lower activity of the catalyst. The CuMn2O4·CuO catalysts possessed a high total surface areas 
and Cu
0
 surface areas; however, demonstrated low activity based on either metric. The cause of 
the low activity of the Cu-Mn catalysts could not be accounted for quantitatively; however, 
qualitatively, such behavior could be understood in terms of a two-site hydrogenolysis 
mechanism with an over-abundance of Cu
0
 sites, different adsorption catalytic behavior of MnO, 
or electronic interaction between MnO and Cu
0
. These results have shown that activity and 
selectivity in the hydrogenolysis of 5-methylfurfuryl alcohol can be influenced by different 
mental oxides and is not solely dependent on Cu
0
 surface area for the mixed metal oxide 
catalysts in this study.        
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4.8. List of Figures 
 
 
Reaction Scheme 4.1: Catalytic conversion of 5-methylfurfuryl alcohol to 2,5-dimethylfuran 
(DMF).  
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+    H2O
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Figure 4.1. XRD patterns of CuCrO2·CuO catalyst (a) unreduced (b) after reduction at 240°C. 
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Figure 4.2. XRD patterns of CuFe2O4·CuO catalysts (a) Cu:Fe=0.75 unreduced (b) Cu:Fe=1.05 
unreduced (c) Cu:Fe=0.75 after reduction at 180°C (d) Cu:Fe=1.05 after reduction at 180°C. 
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Figure 4.3. XRD patterns of CuMn2O4·CuO catalysts (a) Cu:Mn=1.0 unreduced (b) 
Cu:Mn=1.25 unreduced (c) Cu:Mn=1.0 after reduction at 180°C (d) Cu:Mn=1.25 after reduction 
at 180°C. 
 
 
Figure 4.4. H2-TPR of CuCrO2·CuO in 10% H2/Ar at 5°C/min ramp. 
 
100 200 300 400 500 600 700
T
C
D
 (
H
2
-C
o
n
su
m
p
ti
o
n
)
T [ C]
Cu:Cr=2.0
94 
 
 
Figure 4.5. H2-TPR of CuFe2O4·CuO catalysts in 10% H2/Ar at 5°C/min ramp. 
 
 
Figure 4.6. H2-TPR of CuMn2O4·CuO catalysts in 10% H2/Ar at 5°C/min ramp. 
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Figure 4.7. XPS and AES spectra of CuCrO2·CuO after reduction at 240°C (a) Cu 2p3/2 (b) Cr 
2p1/2 & 2p3/2 (c) Cu LMM. 
 
 
Figure 4.8. XPS and AES spectra of CuFe2O4·CuO after reduction at 180°C (a) Cu 2p3/2 (b) Fe 
2p1/2 & 2p3/2 (c) Cu LMM. 
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Figure 4.9. XPS and AES spectra of CuMn2O4·CuO after reduction at 180°C (a) Cu 2p3/2 (b) Mn 
2p1/2 & 2p3/2 (c) Cu LMM. 
 
4.9. List of Tables 
Table 4.1. Composition of catalyst precursor and calcined catalysts calculated by EDS and H2-
TPR data respectively. 
 
 
Table 4.2. Total surface areas of catalysts before and after reduction and Cu
0
 surface areas. 
 
 
925935945
c/
s
Binding Energy (eV)
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s
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(c)Cu:Mn=1.0
Cu:Mn=1.25
630640650660
c/
s
Binding Energy (eV)
(b)Cu:Mn=1.0
Cu:Mn=1.25
Material           Cu : M
EDS TPR
Cu:Cr=2 2.07 1.98
Cu:Fe=0.75 0.66 0.74
Cu:Fe=1.05 1.00 1.02
Cu:Mn=1.0 0.73 0.86
Cu:Mn=1.25 0.97 0.91
Catalyst Area [m
2
/g] AreaReduced [m
2
/g] Cu
0
 [m
2
/g]
CuCrO2-CuO, Cu:Cr=2 1.5 ± 0.01 1.8 ± 0.14 0.29 ± 0.02
CuFe2O4-CuO, Cu:Fe=0.75 1.5 ± 0.02 13.5 ± 0.00 4.7 ± 0.83
CuFe2O4-CuO, Cu:Fe=1.05 3.8 ± 0.13 11.4 ± 0.41 3.5 ± 0.47
CuMn2O4-CuO, Cu:Mn=1.0 19.9 ± 0.00 22.3 ± 0.85 18.8 ± 3.8
CuMn2O4-CuO, Cu:Mn=1.25 28.1 ± 1.1 23.2 ± 0.56 20.4 ± 0.68
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Table 4.3. Reaction data including selectivities, C-balance, and initial rates of reaction of copper 
mixed metal oxide catalysts in the hydrogenolysis of 5-methylfurfuryl alcohol. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Catalyst SDMF [%]
b
C-Balance [%] n [μmol·g
-1
·min
-1
] n [μmol·mCu
-2
·min
-1
]
CuCrO2·CuO, Cu:Cr=2, Treduction=240°C 90 ± 6 101 ± 6.5 3.6 ± 1.4 12.2 ± 4.8
CuCr2O4·CuO, Cu:Cr=1, Treduction=240°C
a 100
c
92.2 ± 6.2 57.0 ± 21.0 12.7 ± 4.7
CuFe2O4·CuO, Cu:Fe=0.75, Treduction=180°C 84 ± 2 98.3 ± 3.4 44.0 ± 6.9 9.3 ± 2.2
CuFe2O4·CuO, Cu:Fe=1.05, Treduction=180°C 71 ± 1 95.6 ± 0.1 16.1 ± 1.1 4.6 ± 0.7
CuMn2O4·CuO, Cu:Mn=1.0, Treduction=180°C 91 ± 3 94.1 ± 2.4 7.5 ± 1.6 0.4 ± 0.1
CuMn2O4·CuO, Cu:Mn=1.25, Treduction=180°C 92 ± 8 87.3 ± 4.2 9.9 ± 4.4 0.5 ± 0.2
a
 CuCr2O4·CuO catalyst from [23]
b
 SDMF = DMF/(DMF + dmTHF)*100
c
 No dmTHF detected at conversions < 30%
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Chapter 5: Hydrodeoxygenation of Lignin Model Compounds over Copper 
Catalysts 
 
Keenan L. Deutsch and Brent H. Shanks* 
 
5.1. Abstract 
 The hydrodeoxygenation of benzyl alcohol, phenol, anisole, o-cresol, catechol, guaiacol, 
and vanillyl alcohol were carried out from 150-275°C at 50 bar H2 with a CuCr2O4·CuO catalyst 
in a decalin solvent. The hydroxymethyl group of benzyl alcohol was found to be highly reactive 
towards hydrogenolysis to form toluene. Demethoxylation of anisole to form benzene was found 
to be the primary reaction pathway in contrast to demethylation and transalkylation reactions 
which are more prevalent for conventional hydrotreating catalysts. The hydroxyl group of phenol 
strongly activated the aromatic ring towards hydrogenation forming cyclohexanol which was 
subsequently dehydrated and hydrogenated to form cyclohexane. Reaction networks of 
increasing complexity were devised for the major functional groups and integrated to describe 
the most complex molecule studied, vanillyl alcohol.       
 
5.2. Introduction 
 The utilization of biomass to produce fuels and chemicals is a topic of increasing 
importance as petroleum prices rise and reserves diminish. Numerous technologies are under 
development to utilize the various components of biomass: cellulose, hemicellulose, and lignin. 
A key challenge in the chemical and thermal conversion of biomass is the reduction of oxygen 
content to produce fuels and chemicals that are compatible with conventional petroleum-based 
products. Hydrodeoxygenation (HDO) is a promising upgrading technology that has gained 
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considerable attention in recent years due to the high oxygen content of biomass derived 
feedstocks, especially in the context of pyrolysis oil upgrading.
1-5
 Of particular importance is the 
minimization of hydrogen consumption by developing catalysts that can perform HDO while 
minimizing the hydrogenation of unsaturated phenolic and furanic species that are common in 
biorenewable feedstocks.   
 Conventional hydrotreating processes have focused primarily on hydrodesulfurization 
(HDS) and hydrodenitrogenation (HDN) because oxygen content in crude oil is very low and 
does not pose the same environment issues as burning S- or N-containing fuels.
1
 Many studies of 
HDO have focused on the phenolic components of bio-oil which represent a considerable portion 
of the liquid product from fast pyrolysis.
6
 The lignin-derived components of biomass are 
commonly used as model compounds for HDO because they possess aromaticity that is 
important to maintain to minimize hydrogen consumption.
2
 Furthermore, phenolic compounds 
contain several oxygen functionalities including hydroxyl groups bound to aromatic and aliphatic 
carbons and methoxy groups that all have different HDO reaction pathways and susceptibilities.
7
   
Numerous HDO studies have investigated the use of conventional hydrotreating catalysts 
consisting of a sulphided NiMo-Al2O3 or CoMo-Al2O3 for bio-oil upgrading.
8-32
 Both catalysts 
have been shown to be effective at HDO where NiMo-Al2O3 favors hydrogenated products and 
CoMo-Al2O3 favors aromatic products. However, there are several concerns with using 
sulphided catalysts in HDO such as the loss of the sulphided phase over the course of processing 
and incorporation of sulfur into the product stream.
16, 19, 25, 27, 29, 33-34
 Some researchers have 
proposed co-feeding H2S to maintain the sulphided phase; however, H2S competitively adsorbs 
with oxygenated compounds and disproportionally decreases the selectivity towards 
hydrogenolysis which lowers the production of aromatics. Coking has also been shown to be a 
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significant issue with the conventional hydrotreating catalysts which has been attributed to the 
acidity of the support.
13, 21, 24, 29, 35-36
 
Alternatives to the sulphided molybdenum hydrotreating catalysts have been investigated 
in more recent years.
33-46
 Noble metals have shown high activities in HDO; however, aromatic 
saturation is observed unless high temperatures and atmospheric pressures used to favor aromatic 
over saturated products. Considering the challenges associated with pyrolysis oil and the desired 
scale of the technologies, a base metal catalyst may be an appropriate alternative to conventional 
hydrotreating catalysts and noble metal catalysts.
5
 Copper mixed metal oxide catalysts are 
interesting materials for HDO because they tend to have weak acidity, high hydrogenolysis 
activity, and low hydrogenation tendency of furanic compounds.
47-51
  
An important aspect of catalyst development is the understanding of the reaction network 
in complex systems such as the HDO of diverse mono-functional and multi-functional phenolic 
species. The current work investigated the HDO of benzyl alcohol, phenol, anisole, o-cresol, 
catechol, guaiacol, 2-methoxy-4-methylphenol, and vanillyl alcohol with a copper chromite 
catalyst from 150-275°C at 50 bar H2 in a decalin solvent. The primary reactants can be seen in 
Figure 5.1. Benzene, toluene, cyclohexanol, and methanol were also subjected to HDO 
conditions to understand the stability of the primary products at high conversions. A reaction 
network for copper was developed which can be contrasted to those of conventional 
hydrotreating catalysts (S-CoMo-Al2O3 and S-NiMo-Al2O3) and noble metal catalysts.
32, 42
 
 
5.3. Materials and Methods 
 The following compounds were used in reaction studies or to calibrate the mass 
spectrometer and flame ionization detector of the gas chromatograph (GC-MS/FID): phenol 
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(Sigma 99%), anisole (Acros 99%), benzyl alcohol (Fisher), guaiacol (Acros 99+%), catechol 
(Acros 99+%), o-cresol (Acros 99%), 2-methoxy-4-methylphenol (Acros 99%), vanillyl alcohol 
(Acros 99%), benzene (EMD Chem), toluene (Fisher ACS), cyclohexane (Fisher ACS), 
cyclohexanol (Fisher reagent grade), methanol (Fisher ACS), xylenes (Fisher ACS), 
methylcyclohexane (Acros 99%), and decalin (Acros 98%). The copper chromite catalyst 
(Acros) was used as received.  
 Reactions were carried out in 75mL Parr autoclave reactors with 50mL of reaction 
solution at 100mM concentration, 100 mg catalyst, 50 bar H2 (UHP/Zero Linweld), 500 rpm, 
sampling at 0, 2, 5, 9, and 20 hours, and temperatures ranging from 150-275°C depending on the 
reactant. Liquid samples were prepared with an external standard of ethanol and identified and 
quantified using an Agilent GC-MS/FID equipped with a HP-5MS column. The HP-5MS 
column was unable to separate benzene and cyclohexane; therefore, these two compounds were 
quantified by m/z values of 78 and 84 respectively.  
 The catalysts were recovered after reaction and dried for 24 hours at 100°C prior to a 
coking analysis with a Perkin Elmer Simultaneous Thermal Analyzer (STA 6000). This analysis 
consisted of 5-15 mg of dried catalyst undergoing a catalyst oxidation step followed by a coke 
oxidation step under 20 mL/min of air flow. A temperature ramp from 50 to 250°C at 10°C/min 
followed by a 120 min dwell was used to oxidize the bulk of the copper catalysts which have 
been shown to form passivated oxide layers on the outside of the catalyst. Following this step 
was a ramp from 250 to 700°C at 5°C/min in which the observed weight loss was attributed to 
the oxidation of coke.   
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5.4. Results 
5.4.1. HDO of Mono-functional Phenolics 
The HDO of phenol was performed at 200-250°C and the reaction profiles can be seen in 
Figure 5.2. The HDO of phenol resulted in the hydrogenation to cyclohexanol as the major 
product. Minor products included benzene, cyclohexene, and cyclohexane. Benzene was not 
observed at 200°C whereas it was observed in a 1:10 and 1:20 ratio to cyclohexane at 225 and 
250°C respectively. Cyclohexene displayed concentration maxima of less than 1 mM during 
each run. Cyclohexanol was also reacted under HDO conditions between 225-275°C. The 
evolution of cyclohexene and cyclohexane showed the same trends as observed in the HDO of 
phenol. Benzene was detected at ~0.3 mM concentration by the completion of 275°C run but not 
detected at any other sampling point of the reactions.  
 The product distribution of the HDO of anisole can be seen in Figure 5.3. Anisole was 
considerably less reactive than phenol and after 20 hours of reaction had conversion of 20, 52, 
and 88% at 225, 250, and 275°C respectively. Major products included benzene, cyclohexane, 
cyclohexanol, and methoxycyclohexane. Methanol was not observed by GC. The selectivity 
towards benzene decreases from 46% to 30% with increasing the reaction temperature from 225 
to 275°C. 
 As seen in Figure 5.4., the stability of benzene was examined under the same HDO 
conditions. These data demonstrated that the hydrogenation of benzene contributed to the loss of 
selectivity towards benzene under these conditions. Methanol was also subjected to the same 
HDO conditions and was observed only in trace amounts at any sampling period. This was likely 
caused by the vapor pressure exceeding the reaction pressure as methanol approached and 
became supercritical at 240°C.   
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 HDO of benzyl alcohol occurred the most readily of the compounds studied. The reaction 
profiles, shown in Figure 5.5., exhibit 100% after 20 hours at 150°C. Further increasing the 
reaction temperature to 175 and 200°C achieved complete conversion in 5 hours and 2 hours 
respectively. In separate experiments, the hydrogenation of toluene to methylcyclohexane was 
found to achieve 8% conversion after 20 hours at 225°C. Therefore, the hydrogenation of toluene 
to methylcyclohexane was likely negligible at 150-175°C and may have occurred to a very minor 
extent at 200°C. The hydrogenation of toluene occurred at approximately 60% the rate of 
benzene hydrogenation.   
5.4.2. HDO of Bi-functional Phenolics 
 The presence of an additional functional group in the bi-functional phenolics increased 
the complexity of the reaction products; however, the same general trends were observed 
compared to the mono-functional phenolics. The HDO of o-cresol was very similar to phenol, 
however, o-cresol was less reactive. As seen in Figure 5.6., hydrogenation of the aromatic ring to 
form 2-methylcyclohexanol was the primary reaction with subsequent dehydration and 
hydrogenation form methylcyclohexane. Small amounts of 2-methylcyclohexanone, 
methylcyclohexene, and toluene were also observed. The ratio of 
methycyclohexanone:methylcyclohexanol increased from 0.02 to 0.07 with increasing reaction 
temperatures. The amount of toluene also increased with temperature and had a maximum 
concentration of ~1 mM after 20 hours.    
 The product distribution of guaiacol was the most complicated of any of the phenolic 
compounds. The main products were cyclohexanol, 1-methyl-1,2-cyclohexanediol, and 
cyclohexane as shown in Figure 5.7. Minor products included benzene, phenol, anisole, 1,2-
dimethoxybenzene, 2-methylcyclohexanol, methoxycyclohexane, and cyclohexanone. While the 
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highest concentrations of any of the minor products did not exceed 3 mM, the sum of these 
products did account for a significant amount of the overall carbon balance.    
 Catechol was not soluble in the decalin solvent at room temperature and therefore it was 
not detected in the liquid samples and the first sampling at t=0 was skipped to minimize the loss 
of undissolved reactant. The product formation can be seen in Figure 5.8. When catechol was 
reacted at 225°C, only 2% conversion was observed based on product formation. Higher 
conversions of 12 and 70% were observed at 250 and 275°C most likely due to the solvation of 
catechol enabling its subsequent reaction. The major two products were cyclohexanol and 
hydroxymethylcyclopentane. Minor products with concentrations of up to 2 mM included 
cyclohexene, cyclohexane, and cyclohexanone.  
5.4.3. HDO of Tri-functional Phenolics 
 Vanillyl alcohol suffered from the same solubility issues as catechol; however, it was 
found that the hydroxymethyl group was so reactive at 225-275°C, that 2-methoxy-4-
methylphenol was immediately formed. Therefore, the HDO vanillyl alcohol was no different 
than starting with 2-methoxy-4-methylphenol and the reaction distribution of the latter is shown 
in Figure 5.9. The product distribution of 2-methoxy-4-methylphenol was very similar to 
guaiacol except with a 4-methyl substitution. The major products was 4-methylcyclohexanol 
which led to the production of methylcyclohexene and methylcyclohexane. The minor products 
of less than 3 mM concentrations included toluene, 4-methylcyclohexanone, 3-methylanisole, 
3,4-dimethoxytoluene, and 2,4-dimethylcyclohexanol.    
5.4.4. Coking Studies 
 The amount of coke on the catalysts ranged from 0.26% to 1.44% of the total reactant. 
Most reactants showed weight loss upon oxidation between 220-400°C that accounted for 0.5-
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0.75% of the reactant. The most strongly coking reactant was catechol whereas benzyl alcohol 
exhibited the lowest degree of coke deposition. Of the secondary products, methanol showed the 
highest amount of coke corresponding to 3.2% of the total reactant in the reaction. All catalysts 
showed a higher degree of coking with increased reaction temperature. It is important to note that 
this analysis may have underestimated the amount of coke by convoluting the weight loss upon 
coke oxidation with the weight gained by catalyst bulk oxidation. However, the relative amounts 
of coke for the compounds were similar in agreement with literature.  
 
5.5. Discussion 
In the HDO of phenol, there are two generally accepted reaction pathways for 
deoxygenation: direct deoxygenation via hydrogenolysis of the Caromatic-OH bond to form 
benzene or a hydrogenation route in which cyclohexane is formed by the hydrogenation of 
phenol to cyclohexanol, dehydration to cyclohexene, and subsequent hydrogenation. Figure 5.10. 
demonstrates this reaction network. Copper chromite between 200-250°C and at high pressures 
strongly favors the saturation of the aromatic ring which eventually yields cyclohexane. The 
increased tendency towards hydrogenation can be attributed to the strongly electron-donating 
resonance effect of the hydroxyl group.
52
 Conventional sulphided CoMo-Al2O3 catalysts 
generally favor benzene formation over hydrogenated products while the sulphided NiMo-Al2O3 
favors cyclohexane.
8, 10-14, 16, 20, 32
 This has been explained by two adsorption modes of the 
conventional hydrotreating catalysts including a σ-bond adsorption of the hydroxyl group which 
leads to direct hydrogenolysis and a π-bond adsorption which results in ring hydrogenation.16-17, 
52
 Supported Ni catalysts were also seen to favor the production of cyclohexane; however, at 
atmospheric pressures and higher temperatures the formation of benzene became the major 
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product.
44-45
 High temperatures also favored the formation of cyclohexanone. A similar trend has 
been observed with noble metal catalysts.
41-45
 Therefore, the reaction path of this hydrogenolysis 
step can become more ambiguous at higher temperatures and lower pressures on account of the 
equilibrium between benzene and cyclohexane.       
As seen in Figure 5.11., the reaction network of anisole includes three main pathways: 
direct deoxygenation via demethoxylation, hydrogenation, and demethylation. The direct 
deoxygenation pathway to benzene was the most prevalent pathway with benzene selectivities of 
30-46% after 20 hours at conversions of 20-88%. This high amount of selectivity cannot be 
explained by a pathway involving phenol considering that phenol yields mainly cyclohexane. 
The amount of product that formed through this pathway was higher than the benzene 
selectivities suggested because some selectivity was lost due to the subsequent hydrogenation to 
cyclohexane. The second most significant pathway was the hydrogenation of anisole to 
methoxycyclohexane. Similar to phenol, the methoxy group activated the aromatic ring to 
hydrogenation although to a lesser extent. Methoxycyclohexane reacted further through either 
demethoyxlation to form cyclohexane or demethylation to form cyclohexanol. Assuming similar 
amounts of demethoxylation of anisole and methoxycylohexane, cyclohexane was also produced 
through this reaction pathway. The least prevalent of these pathways involved the demethylation 
to form phenol and subsequent reactions to cyclohexanol and cyclohexane. A majority of the 
cyclohexanol observed was produced via phenol with the remaining fraction from 
methoxycyclohexane. The cyclohexane observed during the HDO of anisole was likely produced 
in similar quantities from benzene, methoxycyclohexane, and cyclohexanol based on the relative 
reactivities of each group and product concentrations during the reaction.      
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The relatively low amount of demethylation and absence of transalkylation were in stark 
contrast with results of the conventional hydrotreating catalysts and noble metal catalysts 
supported on alumina or zeolites. Reaction networks from these catalysts would generally feature 
the pathway of anisole demethylation to phenol and the HDO occurring predominately via 
phenol with the absence of a demethoxylation as a significant deoxygenation pathway. The 
strong acidity of the support usually accounts for high activity towards the demethylation and 
transalkylation of anisole; however, this acidity has also been attributed to coke formation which 
is a major form of deactivation for these catalysts.
13, 24, 35
 Furthermore, the demethylation and 
transalkylation activity of these catalysts routinely exceeded the deoxygenation activity of 
phenol and cresols which may acerbate the issue with coking. Weakly acidic Cr2O3 was likely 
the major acidic group of the reduced of CuCr2O4·CuO catalyst.
3
      
The HDO of the bifunctional phenolic compounds generally observed the same 
qualitative results as superimposing the two individual functionalities. For example, the reaction 
network of o-cresol was analogous to phenol by which o-cresol mainly reacted through 
hydrogenation of the aromatic ring followed by dehydration to methylcyclohexane. A minor 
difference was that o-cresol was less reactive than phenol which has been ascribed to steric and 
electronic effects in literature.
44
 This effect was also observed when comparing the relative 
hydrogenation rates of benzene and toluene in which the methyl group lowered the 
hydrogenation activity. 
Catechol also underwent a HDO pathway very similar to phenol in that the aromatic ring 
was hydrogenated followed by subsequent dehydration and hydrogenation steps to form 
cyclohexane. An additional reaction that occurred with the 1,2-cyclohexanediol was attributed to 
a pinacol rearrangement in which 1,2-cyclohexanediol was converted into cyclohexanone, 
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formylcyclopentane, and cyclohexadiene.
53
 Formylcyclopentane was subsequently hydrogenated 
to form the observed hydroxymethylcyclopentane.  
In a similar fashion, the HDO of guaiacol showed the same qualitative trends as the 
phenol and anisole but with a couple points of distinction. As seen in Figure 5.12., phenol and 
anisole pathways are integral parts of the observed reaction network. The primary product was 
cyclohexanol which was likely formed by the demethoxylation of guaiacol to phenol which 
rapidly reduces to cyclohexanol. Two alkylation reactions were also observed which included the 
addition of a methyl group to the hydroxyl group to form 1,2-dimethoxybenzene and the addition 
of the methyl group to aromatic ring to form 1-methyl-1,2-cyclohexanediol. The former reaction 
is likely due to an adsorption mode prior to biphenate formation and the latter due to a 
transalkylation immediately following biphenate formation.
17-18, 35
 A similar methyl scavenging 
phenomenon has been observed with thiols of methoxythiophenols and 1,2-dimethoxybenzene 
has also been observed from guaiacol in previous literature.
17-18
 Since the transalkylation to the 
methoxy carbon was not observed with anisole, the addition of the methyl group likely occurred 
at the carbon of the hydroxyl group in guaiacol. The tertiary alcohol, 1-methyl-1,2-cyclohexanol, 
was dehydrated first considering the high reactivity of tertiary alcohols and this would also 
explain the exclusive presence of only 2-methylcyclohexanol and not 1-methylcyclohexanol or a 
mixture of the two. The cyclohexanone present from the HDO of guaiacol was likely a product 
of the dehydrogenation of cyclohexanol because it was only observed at high concentrations of 
cyclohexanol. It was also observed in the pure cyclohexanol runs at stable concentration levels 
and its presence was increased with increasing temperature of reaction. Therefore, 
cyclohexanone was considered a sink of cyclohexanol during the course of reaction caused by 
the equilibrium between hydrogenation and dehydrogenation and was excluded from the reaction 
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network. One benefit of low demethylation activity of the copper catalyst was to circumvent a 
pathway involving catechol or 4-methylcatechol because these compounds have been attributed 
to high coke formation.
35
 In coking studies, it was found that catechol had comparable amounts 
of coke to anisole and phenol.  
The HDO of vanillyl alcohol and 2-methoxy-4-methylphenol were identical due to the 
labile hydroxymethyl group which was also demonstrated in the HDO of benzyl alcohol. The 
HDO of 2-methoxy-4-methylphenol and vanillyl alcohol followed the same reaction network as 
guaiacol but with a 4-methyl substitution. Similarly to o-cresol, the methyl substituent lowered 
the reactivity of 2-methoxy-4-methylphenol relative to guaiacol.  
 
5.6. Conclusions 
 The hydrodeoxygenation of several mono-function, bi-fuctional, and tri-functional 
phenolics was carried out with a CuCr2O4·CuO catalyst at 150-275°C and 50 bar H2. Reaction 
networks were devised for increasingly complicated phenolic systems to be able to describe the 
HDO of vanillyl alcohol. Hydroxymethyl groups of benzyl alcohol and vanillyl alcohol were 
found to be readily reduced to form toluene and 2-methoxy-4-methylphenol, respectively, at as 
low as 150°C. Methoxy groups were demethoxylated by copper catalyst to retain the aromatic 
functionality of anisole, guaiacol, 2-methoxy-4-methylphenol, and vanillyl alcohol which has not 
been commonly observed with other HDO catalysts. Minimal demethylation and transalkylation 
were observed by CuCr2O4·CuO likely due to the relatively low acidity of the support compared 
to Al2O3 and zeolites. Phenols and methoxy groups were also found to activate the aromatic ring 
towards hydrogenation. The deoxygenation of phenols occurred via hydrogenation, dehydration, 
and hydrogenation to form cyclohexane derivatives. The dehydration of the cyclohexanol 
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derivatives was rate limiting step of this HDO process. The use of higher reaction temperatures 
and lower pressures may increase the formation of aromatics from phenols by favoring 
dehydrogenation. Copper catalysts exhibit unique reaction selectivities and networks for the 
HDO of aromatic hydroxyl and methoxy groups when compared to conventional sulphided 
catalysts and supported noble metal catalysts.    
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Figure 5.1. Primary reactants of HDO (a) benzyl alcohol, (b) phenol, (c) anisole, (d) o-cresol, (e) 
catechol, (f) guaiacol, (g) 2-methoxy-4-methylphenol, (h) vanillyl alcohol. 
 
 
Figure 5.2. HDO of phenol at 50 bar H2 with (●) phenol, (○) cyclohexanol, (□) cyclohexane: (a) 
200°C, (b) 225°C, (c) 250°C. 
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Figure 5.3. HDO of anisole at 50 bar H2 with product formation (■) benzene, (□) cyclohexane, 
(Δ) methoxycyclohexane, (○) cyclohexanol: (a) 225°C, (b) 250°C, (c) 275°C. 
 
 
Figure 5.4. HDO of benzene at 50 bar H2 with (■) benzene, (□) cyclohexane: (a) 225°C, (b) 
250°C, (c) 275°C. 
 
 
Figure 5.5. HDO of benzyl alcohol at 50 bar H2 with (●) benzyl alcohol, (▲) toluene, (Δ) 
methylcyclohexane: (a) 150°C, (b) 175°C, (c) 200°C. 
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Figure 5.6. HDO of o-cresol at 50 bar H2 with (●) o-cresol, (○) 2-methylcyclohexanol, (Δ) 
methylcyclohexane: (a) 225°C, (b) 250°C, (c) 275°C. 
 
 
Figure 5.7. HDO of guaiacol at 50 bar H2 with (▲) guaiacol, (○) cyclohexanol, (◊) 1-methyl-
1,2-cyclohexanediol, (□) cyclohexane: (a) 225°C, (b) 250°C, (c) 275°C. 
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Figure 5.8. HDO of catechol at 50 bar H2 with (○) cyclohexanol and (Δ) 
hydroxymethylcyclopentane: (a) 250°C, (b) 275°C. 
 
 
Figure 5.9. HDO of 2-methoxy-4-methylphenol at 50 bar H2 with (♦) 2-methoxy-4-
methylphenol, (○) 4-methylcyclohexanol, (◊) methylcyclohexane, (□) cyclohexane: (a) 225°C, 
(b) 250°C, (c) 275°C. 
 
 
Figure 5.10. Reaction network for phenol HDO with CuCr2O4·CuO at 200-250°C and 50 bar H2. 
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Figure 5.11. Reaction network for anisole HDO with CuCr2O4·CuO at 200-250°C and 50 bar H2. 
 
 
Figure 5.12. Reaction network for guaiacol HDO with CuCr2O4·CuO at 200-250°C and 50 bar 
H2. 
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Chapter 6: General Conclusions 
6.1. Conclusions 
C-O hydrogenolysis of 5-methylfurfuryl alcohol and lignin model compounds was 
studied with copper mixed metal oxide catalysts. CuCr2O4·CuO was extensively characterized 
and two potential active species, Cu
0
 and Cu
+
, were correlated to the activity of the catalysts in 
the hydrogenolysis of 5-methylfufuryl alcohol. A stronger correlation with the former would 
suggest that Cu
0
 is involved with the rate-determining step of the reaction; however, the role of 
Cu
+
 could not be ruled out.  
A subsequent study was performed in which other mixed metal oxide catalysts 
CuCrO2·CuO, CuFe2O4·CuO, CuMn2O4·CuO were synthesized, characterized, and tested for 
hydrogenolysis of 5-methylfufuryl alcohol at lower reaction temperatures. The CuCrO2·CuO 
catalyst was shown to have the same activity per Cu
0
 site as CuCr2O4·CuO despite having an 
order of magnitude difference in total surface area and Cu
0
 surface area. The CuFe2O4·CuO 
catalysts had moderately lower activities per Cu
0
 site when compared to the CuCr catalysts 
which also coincided with lower selectivities towards selective C-O hydrogenolysis. This may 
have been caused by the presence of a Fe
0
, which is a known well known hydrogenation catalyst. 
The CuMn2O4·CuO catalysts had strong potential for high activity due to high total surface area 
and high Cu
0
 surface areas; however, they were shown to be poorly active by either metric. In 
the context of a single site hydrogenolysis mechanism (i.e. Cu
0
 as sole active site), the MnO 
could strongly influence the electronic properties of Cu
0
 thus inhibiting the hydrogenolysis 
activity or MnO could participate as an adsorption site by which 5-methylfufuryl alcohol 
adsorbed strongly and was unable to participate in hydrogenolysis. In the context of a two site 
hydrogenolysis mechanism (i.e. Cu
0
 to dissociate hydrogen and an oxide vacancy to activate 5-
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methylfufuryl alcohol), the results could be explained by the CuCr oxides as very effective 5-
methylfurfuryl alcohol activators and the catalysts are limited by the role of Cu
0
. Whereas the 
less active CuFe and CuMn catalysts had oxides that were less effective at activating 5-
methylfurfuryl alcohol and therefore were limited by the oxides role and not that of Cu
0
. Further 
studies will be necessary to fully understand the complex phenomenon involved in this catalysis, 
especially those which investigate the interaction of 5-methylfufuryl alcohol with Cu
0
 and metal 
oxides.  
A reaction network developed with CuCr2O4·CuO for the lignin model compounds 
demonstrated unique selectivities towards reaction pathways that are less prevalent with 
sulphided hydrotreating catalysts. The C-O hydrogenolysis of benzyl alcohol was found to be the 
most rapid deoxygenation step. Demethoxylation was a major pathway in the conversion of 
anisole in contrast to demethylation and transalkylation. Phenol strongly activated the aromatic 
ring towards hydrogenation which cyclohexanol as the primary product. These selectivities 
suggested that CuCr2O4·CuO primarily converted compounds due to metal active sites and had 
less reactivity due to acidity when compared to other HDO catalysts. Future studies could look to 
promote copper catalysts to inhibit aromatic hydrogenation and enhance C-O hydrogenolysis 
activity or modify operating conditions to produce a more favorable selectivity. 
Copper catalysts have been shown to selectively catalyze the hydrogenolysis of 
hydroxymethyl groups of 5-methylfurfuryl alcohol and benzyl and the methoxy group of anisole. 
Phenol and phenolic hydroxyl groups have been found to impede selective hydrodeoxygenation 
with copper catalysts due to hydrogenation at moderate temperatures and high pressures. This 
work has improved the understanding of C-O hydrogenolysis in these systems but future studies 
will be required to better understand the relationship between catalyst characteristics, adsorption 
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phenomenon, and activity. The design of improved catalyst systems will be better rationalized 
and pursued through these fundamental understandings.      
  
6.2. Future Research Directions 
The studies presented in Chapters 3-5 were some of the first fundamental studies 
focusing on the selective C-O hydrogenolysis of furfural derivatives and the reaction pathways 
of lignin model compounds over copper catalysts. These complicated catalysts and reaction 
systems are difficult to fully understand with so few studies and therefore this work has laid the 
groundwork for future investigations. There are several approaches that can be taken to better 
understand copper catalysts in selective C-O hydrogenolysis of furfural and phenolic derivatives. 
A continuation of the approach taken in Chapters 3 and 4 would involve the synthesis of 
several catalysts of different Cu:M compositions that result in different Cu
0
 surface areas for the 
same catalyst type. This was the aim of the study in Chapter 4 where Cu:M of 1 and 0.75 were 
employed (Cu:M=2 were also synthesized in preliminary work for Chapter 4 and found to have 
no difference in catalytic behavior); however, these compositions of the CuFe and CuMn 
catalysts were unsuccessful at producing significant differences in Cu
0
 areas. Cu:M of less than 
0.75 will need to be investigated to produce catalysts with significantly different Cu
0
 coverages. 
This would allow for a better understanding of the role of Cu
0
 for each catalyst system and may 
help to elucidate some of the phenomenon occurring with the CuMn catalysts. For instance, if 
MnO was inhibiting the activity of Cu
0
 due to electronic promotion, one would still expect to see 
a proportional relationship between Cu
0
 and activity. If the oxide component(s) of the catalyst 
were playing a rate determining role, one would expect to see a regime with no dependence on 
Cu
0
.     
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 Another approach to better understand the relationship between catalyst characteristics 
and activity is to study the adsorption and desorption phenomenon of the reactant. This could be 
accomplished by reducing the catalyst, adsorbing a reactant such as furfuryl alcohol or a 
phenolic compound, and performing a TPD experiment that is observed by a mass spectrometer. 
This may elucidate different adsorption strengths of the hydroxyl group or aromatic structure on 
the Cu
0
 or oxide. It may be possible to develop volcano plots that illustrate the Sabatier principle 
in which there is an optimal interaction strength between a catalyst and reactant. Such studies 
could also be complimented with DRIFTS (i.e. Diffuse Reflectance Infrared Fourier Transform 
Spectroscopy) to observe the chemical interaction and adsorption modes of the reactant.  
No study to date has presented a rigorous mechanistic study to understand C-O 
hydrogenolysis in the context of furfuryl alcohol. Density Functional Theory (DFT) could be 
used to determine adsorption modes which are most conducive to hydrogenolysis. There are 
several possibilities including a η1-O of the hydroxyl group, an η2-(C,O) of the hydroxyl group, 
either of these modes along with aromatic ring adsorption, or a more than one adsorption mode 
involved with different steps of hydrogenolysis. Another aspect of the mechanism that would be 
valuable to understand is the order in which the C-O bond ruptures and atomic H is added to 
each fragment. A better understanding of these mechanistic aspects may help to rationalize the 
characteristics desired in an effective hydrogenolysis sites. 
In a different approach, poisoning studies can also be used to identify and/or quantify the 
active sites involved in hydrogenolysis. It has been described in literature that the addition of 
Na2SiO3 to copper catalysts was found to lower the yield of 2-methylfuran from furfural while 
enhancing the selectivity towards furfuryl alcohol.
1-2
 Understanding this phenomenon could help 
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identify the active site(s) of C-O hydrogenolysis. In principle, other poisons could be used if they 
can be shown to preferentially or selectively inhibit either hydrogenation or hydrogenolysis. 
 The reaction network developed in Chapter 5 was the first step in understanding how 
copper catalyzes the HDO of different lignin compounds. The demethoxylation reaction may be 
favored further by reducing the acidity of the catalyst (i.e. inhibiting demethylation) by using an 
alternative to the Cr-spinel due to the weak acidity of Cr2O3 or by supporting Cu on a material 
that has weak interactions with the methoxy group. The work of Popov et al. has suggested the 
use of SiO2 as a suitable support because it does not chemisorb phenol, anisole, or guaiacol as 
does Al2O3.
3
 Activated carbons may also be a suitable support in these reactions but have not 
been evaluated since most hydrotreating catalysts rely on the acidity of Al2O3 or a zeolites for a 
significant amount of the catalytic activity.  
Most hydrodeoxygenation studies have found higher aromatic selectivities with 
increasing temperatures. This result was exemplified by Zhu et al. which achieved impressive 
yields of BTX compounds from anisole with a Pt-HBeta zeolite catalyst operated at atmospheric 
pressures and 400°C.
4
 It will be important to determine if this result is unique to this catalyst or if 
it is a result of favoring dehydrogenation at higher temperatures that can also be achieved by 
other metal catalysts. Copper catalysts will not be suitable for such high temperature application 
due to sintering above 300°C, but other catalysts such as Fe, Co, and Ni could be tested under 
similar conditions. Shin et al. found that that benzene selectivity became 10% at 280°C and 
atmospheric pressures for a Ni/SiO2 catalyst whereas benzene was not detectable below 250°C.
5
 
It may also be possible for Cu to be promoted with other metals or vice versa. Cu was shown to 
promote Ni catalysts in the HDO of anisole and favored deoxygenation with retaining aromatic 
functionality.
6
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 Another approach is to lower the affinity of Cu towards adsorption of the aromatic ring to 
minimize hydrogenation through the use of promoters or alloys of Cu. Conventional sulphided 
catalysts have been promoted with Co and Ni to electronically influence the MoS2 and increase 
or decrease its affinity towards ring hydrogenation and hydrogenolysis. The incorporation of Cu 
has also been shown to lower the strength of adsorption of the furan ring on Pd.
7
 
 The understanding and development of catalysts capable of selective hydrogenolysis is 
still in its early stages and many research avenues remain unexplored. Future studies will 
undoubtedly lead to a better fundamental understanding of this catalysis and drive the 
development of improved catalyst systems. 
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